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Abstract 
The purpose of this work is to investigate the effect of particle elasticity on 
suspension rheology and flow.  Non-colloidal (~ 10 µm) spherical agarose microgels 
suspended in water are used as a model system.  The advantage of these microgels 
is that they are manufactured to a specific elastic modulus, ranging from 8 to 300 
kPa, determined from the modulus of an agarose gel disk.  This is in contrast to 
routinely studied colloidal microgels where the particle modulus cannot be 
established.  Colloidal microgel modulus and specific volume are variable as they 
are responsive to suspension conditions (such as, pH, temperature and osmotic 
pressure).  Using experimental rheology, an investigation was carried out into the 
liquid and solid-like behaviour of agarose microgel suspensions.  Suspension 
concentration regimes from dilute to densely packed were investigated to show 
explicitly the effect of particle modulus on rheology, which becomes increasingly 
more significant with increasing phase volume.  In addition, particle modulus is 
shown to influence two shear flow characteristics – slip and shear thickening.   
 
To interpret suspension viscosity as a function of phase volume the model, 
developed by Maron and Pierce (1956) and popularised by Quemada (1977) (MPQ 
model), is applied.  This model is based on a scaling relation of the pair distribution 
function and predicts the critical phase volume at which the viscosity tends to infinity, 
corresponding to when spherical particles are randomly close packed (φrcp).  
Commonly, it is used empirically by free fitting of experimental data to obtain the 
critical phase volume.  In this work, a method has been developed to use the MPQ 
model in accordance with its theoretical basis by independently predicting φrcp from 
the particle size distribution.  It is shown that this theoretical form of the MPQ model, 
with no adjustable parameters, results in an accurate prediction (within experimental 
uncertainty, ± 5 %) of the viscosity-phase volume relationship for hard spheres.  In 
addition, alterations in suspension microstructure (for example, through particle 
aggregation) or rheological artefacts (such as, particle migration) are readily 
identified by plotting the MPQ model in a linear form.   
 
In contrast to hard spheres, the phase volume of agarose microgels is difficult to 
define accurately.  The approach typically used in literature, and used here, is to 
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define the specific volume from dilute suspension viscosity.  This approach can be 
corroborated using the theoretical viscosity-phase volume model validated with hard 
sphere suspensions.  The specific volume of agarose microgels is easily defined at 
φrcp using the particle size distribution.  From this approach it is discovered that, in 
the viscous regime, below φrcp, particle elasticity does not explicitly affect suspension 
viscosity.  However, it is shown that particle elasticity has an indirect effect on 
viscosity at phase volumes between ~ 0.4 and φrcp due to limited re-swelling during 
microgel preparation procedures.   
 
When microgels come into close contact at φrcp, the suspension becomes distinctly 
viscoelastic.  The suspensions are purely viscous with no measurable viscoelasticity 
below φrcp. However, just above φrcp, the suspensions are shear thinning and 
viscoelastic with a measurable storage modulus (G’) less than the loss modulus 
(G’’).  Further increases in suspension phase volume lead to a second transition, 
defined here as the jamming fraction (φj), where G’ becomes greater than G” 
(evaluated at a frequency of 10 rad/s).  In this concentrated region, viscoelastic solid-
like behaviour is strongly dependent on particle elasticity; the behaviour is 
reasonably predicted using a cell model with particle contact given by Hertzian 
interaction of elastic spheres.  The three regions of rheological behaviour—viscous, 
viscoelastic fluid and viscoelastic (soft) solid—are demonstrated experimentally and 
validated using theoretical models with no free fitting parameters. 
 
Two interesting shear flow characteristics—slip and shear thickening—are also 
investigated, both of which are found to depend on particle elasticity.  Here, it is 
shown that the effect of particle elasticity on slip of non-colloidal microgels is 
described by a model based on elastohydrodynamic lubrication, analogous to 
colloidal microgels.  In addition, a time dependent flow phenomenon is observed 
under constant shear that results in a transition for the microgel suspensions from a 
viscoelastic fluid to solid at certain phase volumes.  Particle elasticity is shown to 
influence this shear induced structuring process, which is most pronounced for the 
hardest agarose microgel particles.  The increase in G’ and thus the resulting 
structure are maintained when shear is removed.  Such shear induced structuring is 
normally only seen in attractive particle or worm-like micelle suspensions.  
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These studies use experimental data supported by theoretical models to provide 
insights into how mechanical properties at the particle scale affect microgel 
suspension rheology.  The knowledge gained in this work, and the approach taken, 
have the potential to be used to interpret or tune rheological properties of complex 
soft particle systems that are widespread in both nature and industry. 
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Chapter 1 
Introduction 
 
 
Suspensions of soft particles–such as biological cells and microgels–are widespread in 
nature and industry.  In many suspensions, the microstructure and hence the flow 
behaviour are complex due to the multiple influences of particle swelling, inter-particle and 
particle - surface interactions.  Fundamental knowledge of the relationship between the 
suspension microstructure and suspension rheology is limited as particle characteristics, 
such as modulus and volume, are difficult to define.  The microstructure of a suspension 
defines its rheological characteristics, particularly the force required to initiate flow and the 
transition from viscous to solid-like behaviour.  In this thesis, the rheology of simple model 
microgel particle suspensions is investigated.  Their rheology is investigated from viscous 
to viscoelastic solid-like, above and below close packing, respectively  
 
It is known that suspension rheology is influenced by the particle volume, which is 
relatively easy to define for hard particles.  However, for soft microgel particles, particle 
volume may not be constant with suspension concentration.  Microgels are cross-linked 
polymer particles with a large volume of solvent in their structure; when the polymer 
network is allowed to swell or is compressed, the volume of solvent within the particle can 
change.  Due to the difficulty in determining phase volume and accurately measuring 
rheology, surprisingly little is known about the fundamental flow behaviour, as a function of 
particle softness, of simple non-colloidal scale (> 1 µm) soft particle suspensions.  A model 
system of soft spherical agarose microgels is used here to elucidate the influence of 
particle volume fraction and particle softness in low, moderate and high concentration 
suspensions.   
 
 
1.1 Motivation 
To predict the functionality of structured soft particle suspensions it is necessary to know 
the influence of particle and suspension structure on rheological behaviour.  Microgel 
suspensions are used as they have the potential to model complex soft material systems 
and thereby facilitate rheological modelling and prediction.  There are three specific areas 
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in which current knowledge regarding the structure-function relationship of these soft 
material systems is limited:  
1. The rheological behaviour at the solid to liquid transition; 
2. Accurately determining the soft particle phase volume; 
3. Measurements at low, moderate and high phase volume as a function of particle 
micromechanics, specifically particle modulus (softness). 
 
Despite the importance of the solid-like to liquid-like transition, there is still conjecture 
around the phase volume at which this occurs.  In this thesis, the focus is on interpreting 
detailed rheological measurements around this transition using rheological models with 
parameters defined independently.  The second area limiting the understanding of soft 
particle suspensions is accurately determining the particle phase volume.  Soft particles 
can shrink or swell with suspension concentration, pH and temperature and often have 
poorly defined boundaries with the solvent.  Here, a method is developed for defining 
suspension phase volume without free fitting parameters and without reliance on error - 
prone dilute suspension rheology measurements.  Thirdly, there is very little literature in 
which the rheology of a soft particle suspension is measured and interpreted at both low 
and high phase volumes for particles of differing moduli.  This is addressed using microgel 
suspensions, for which particle modulus can be estimated from the modulus of an agarose 
gel disk, and measuring at a range of phase volumes. 
 
Spherical microgels are a useful experimental model for soft particles (Fernandez-Neives 
et al., 2011) as they can be rationally designed to vary in: size, from nanometres to tens of 
microns; crosslink density; modulus; and surface properties (Stokes, 2011).  Soft particles 
considered here are those with a measureable gel modulus, which is a function of cross-
link density, as opposed to, softness due to surface or inter-particle forces, which is out-of-
scope.  Much of the existing literature is focussed on monodisperse, colloidal scale (< 1 
µm) synthetic soft particles (microgels or nanogels) which shrink or swell with suspension 
concentration, pH or temperature.  The model microgel particle system used here has 
been specifically chosen to be based on the polysaccharide agarose to overcome many of 
these issues.  Agarose microgels are stable at room temperature, do not swell in excess 
water below 35°C, are chemically and electrically neutral, and are not susceptible to 
osmotic de-swelling (Normand et al., 2000, Burey et al., 2008, Lips et al., 1988), de-
swelling occurs due to mechanical force.  In addition, these microgels are specifically 
designed to be ca. 10 µm in diameter so that long range surface forces and Brownian 
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motion are negligible, i.e. they are non-colloidal.  In addition, their particle modulus (GP) is 
easily controlled and simply increases with increasing agarose concentration (Normand et 
al., 2000) enabling interpretation of rheological results as a function of particle modulus. 
 
The continuous phase of the suspension is water.  Salt is not added to screen charges as 
the negative charge present on low EEO agarose microgels is necessary to prevent 
aggregation.  No polymeric compounds are added to the continuous phase as these add a 
level of complexity, due to shear thinning and viscoelastic behaviour, which is beyond the 
scope of this thesis.  It is unlikely that there is any leaching of free agarose chains 
(polymers) into the continuous phase.  Any free agarose would be removed during the 
washing and centrifugation steps. 
 
Microgel suspension behaviour is strongly dependent on two parameters: phase volume 
and particle modulus.  Phase volume (φ) is defined by the viscosity increase brought about 
by addition of a particle into a solvent, characterised by the intrinsic viscosity [η].  In the 
dilute regime (φ < 0.05), microgel suspensions follow hard particle suspension rheology 
thus Einstein’s equation can be used to calculate an effective phase volume (φ0) from [η].  
With increasing phase volume the soft microgel particles come into close contact and their 
rheological behaviour diverges, with microgel suspensions showing maximum packing 
fractions (φm) well above 0.64 defined for monodisperse hard spheres (Wolfe and 
Scopazzi, 1989, Stokes, 2011)  The deformation of microgel particles allows them to pack 
even more closely above hard sphere maximum packing fractions thus forming a weakly 
elastic network that behaves as a soft solid at low shear but will flow and become shear 
thinning at high shear (Tan et al., 2010)  The ease with which agarose microgels of varying 
moduli can be manufactured makes them ideal model systems for studying the effect of 
particle deformation on the packing structure and the rheological function of suspensions.  
 
The relative viscosity of microgel suspensions as a function of phase volume is shown in 
Figure 1.1, which includes a summary of models that are commonly used to predict the 
viscosity under dilute, semi-dilute and concentrated conditions.  In addition, above some 
critical phase volume, termed the maximum packing fraction, the suspension is highly non-
Newtonian (e.g. shear thinning) and viscoelastic with a measurable storage modulus.  The 
rheology of microgel suspensions across this complete concentration range is reviewed in 
detail in Chapter 2. Models for predicting material functions as a function of phase volume 
and particle/suspension properties are also reviewed. 
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Microgel particle suspensions demonstrate the phenomena of slip and shear thickening, 
both of which are critical to hard and soft particle rheology measurements and 
applications.  Particles deplete away from smooth repulsive surfaces, which leads to 
apparent slip of the suspension at the surface.  Slip leads to artefacts, particularly a lower 
than expected yield stress and low zero-shear viscosity, during rheology measurement of 
microgel suspensions.  On smooth surfaces, particle-plate interactions and suspension 
microstructure play a role in slip behaviour.  It has been shown for colloidal-scale microgel 
suspensions that particle deformation at the plate surface can be predicted from 
Elastohydrodynamic (EHL) lubrication theory.  However, the phase volume and particle 
modulus in these colloidal scale suspensions is poorly defined as they are susceptible to 
osmotic de-swelling (Cloitre et al., 2003).  Hence, experimental results from the agarose 
microgel model system (non-colloidal and not susceptible to osmotic de-swelling) can be 
used to test the EHL model for prediction of microgel suspension slip behaviour based on 
particle properties.  Shear thickening has been shown to occur routinely in hard particle 
suspensions. However, it is rarely seen in concentrated emulsions.  This would suggest 
 
 
Figure 1.1 Schematic for soft, non-colloidal, microgel suspensions showing the relative 
viscosity against phase volume, below maximum packing, and the suspension modulus 
with phase volume, above maximum packing.  Particle structure with phase volume is also 
shown.  Models available for predicting the rheological response as a function of phase 
volume are indicated in the applicable region of the schematic. 
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that particle deformation (and hence modulus) has a strong influence on shear thickening.  
Incorporating soft particles into hard particle suspensions could be an effective method to 
prevent undesirable shear thickening.  To do this prediction of shear thickening in particle 
suspensions as a function of particle modulus is required.  Soft to hard microgel 
suspensions are used to investigate the hypothesis that particle modulus influences the 
onset of shear thickening, where particle modulus can be estimated from the agarose gel 
modulus. 
 
 
1.2 Goals 
The overall goal of this thesis is to define the rheology of soft, non-colloidal particles, as a 
function of particle modulus, from dilute suspensions to concentrated pastes.  The focus is 
on the relationship between suspension rheology and microstructure, as influenced by: 
phase volume, particle modulus, particle-particle, and particle—surface interactions.  The 
chosen model system is non-colloidal agarose microgels suspended in water.  Microgels 
are manufactured using differing concentrations of agarose resulting in particles with 
varying degrees of softness.  Fundamental studies of microgel suspension rheology have 
been completed.  However, the complete picture is lacking as: many studies focus on only 
high phase volume or low phase volume suspensions without investigating the transition 
between the two; the microgels studied are subject to swelling; and/or particle modulus is 
difficult to measure or varies with suspension concentration.  In this thesis, existing 
theoretical and micro- structural models have been found for particle suspensions and they 
are validated for the specific case of non-colloidal scale deformable micro hydro-gel 
suspensions. 
 
The hypotheses that will be tested using suspensions of model 'non-colloidal' hydrocolloid 
microgels are as follows:  
1. When the microgel suspensions are predominantly 'liquid-like' (G' < G''), their 
rheology follows hard sphere behaviour and is independent of particle modulus.   
2. When the microgel suspensions are predominantly 'solid-like' (G” < G’), their 
rheological behaviour is primarily dependent on particle modulus; 
3. Apparent slip of the solid-like microgel suspensions is dependent on particle 
modulus and particle-surface interactions; and 
4. Shear thickening of the microgel suspension can be controlled using particle 
modulus and phase volume (relative to maximum packing). 
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1.3 Thesis Outline 
The chapters in this thesis are highlighted below along with a brief description and a few 
key findings.   
 
Chapter 2 (Literature review), the rheology of hard and soft particle suspensions is 
reviewed with consideration of how phase volume, particle size distribution, and particle 
softness are currently considered to affect the maximum packing fraction and slip during 
flow, as well as shear-thickening and jamming.  
 
Chapter 3 (Material and Methods), specifies in detail the techniques used in this thesis to 
manufacture microgels and characterise them.  Details specific to one particular chapter 
are described in the relevant chapter. 
 
Chapter 4 (Analytically predicting the viscosity of hard sphere suspensions from the 
particle size distribution), is focussed on re-visiting viscosity data from an extensive set of 
literature dating back to the 1960’s.  From this extensive analysis, it is shown that the MPQ 
model (equation 2.3) is suitable for predicting hard sphere suspension viscosity from 
phase volume and particle size distribution.  This finding is critical to determine the 
suitability of the model for soft particles. 
 
Chapter 5 (Viscosity of soft spherical micro-hydrogel suspensions), here, it is 
demonstrated that MPQ model, with no free fitting parameters, predicts the rheology of 
microgel suspensions where particles remain fully swollen up to maximum packing 
fraction.  This approach allows identification of the point where microgel suspension 
rheology deviates from that predicted for hard spheres due to a phase volume change.  It 
is also shown that there is no direct effect of microgel modulus on suspension viscosity 
below maximum packing fraction.  
 
Chapter 6 (The solid - liquid transition region in polydisperse, micro-hydrogel particle 
suspensions), presents the high, moderate and low phase volume rheology for soft and 
hard microgel suspensions demonstrating the effect of particle modulus above maximum 
packing fraction.  Using the model for microgel suspension viscosity with no free fitting 
parameters from Chapter 5 and a high phase volume rheology model with one adjustable, 
but clearly defined, parameter, Ii is shown experimentally that the transition from liquid to 
solid-like behaviour does not occur at a discrete phase volume.  Clear evidence is found 
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for a viscoelastic liquid transition region between the viscous and viscoelastic solid 
regions. 
 
Chapter 7 (The onset of slip of biopolymer microgel pastes), slip is investigated in light of 
the elastohydrodynamic lubrication model developed using colloidal scale microgel 
suspensions.  Results for slip of non-colloidal agarose microgel suspensions on 
hydrophilic surfaces show the validity of the EHL model and the influence of particle 
modulus on slip behaviour for non-colloidal scale particles with a well-defined modulus.  
Large amplitude oscillatory shear measurements are analysed showing that the presence 
of the 2nd harmonic cannot be used as a reliable indicator of the presence of slip 
behaviour. 
 
Chapter 8 (Shear thickening and thixotropy of biopolymer microgel suspensions), here, 
shear and time dependent viscosity results are shown for agarose microgel suspensions.  
The effect of inter-particle friction on shear induced structure formation is investigated 
along with particle migration and dilatancy.  This increase in viscosity is likely to be a 
combination of both particle migration and inter-particle friction. 
 
Chapter 9 (Concluding Remarks and Future Work), in this chapter the thesis is 
summarised with discussion of the relevance of the findings as well as suggesting future 
work. 
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Chapter 2 
Literature Review 
 
 
This literature review presents what is known about microgel suspension rheology as a 
function of the suspension micro-structure, including particle properties of modulus, size, 
size distribution and interactions.  Properties of particular interest are: the influence of 
particle softness (modulus) on suspension viscosity below close packing; suspension 
modulus above close packing; and interesting rheological properties such as slip and 
shear thickening.   
 
Models for hard sphere suspension viscosity as a function of suspension phase volume 
are reviewed; the models cover dilute suspensions up to maximum packing fraction.  Hard 
spheres are defined as non-deformable and non-interacting particles (Van Der Werff and 
De Kruif, 1989).  Comparisons are made with findings for viscous soft sphere suspensions.  
Models for predicting suspension modulus of pasty microgel suspensions are also 
reviewed.  To link the viscous and solid-like regimes, the region between the two is 
included, sometimes known as the jamming transition.   
 
To complete the picture of the influence of particle modulus on microgel suspension 
rheology the literature regarding slip behaviour and shear thickening to the suspension 
structure, is reviewed.  Slip, shear thickening and thixotropy are common artefacts seen in 
suspension rheology measurement as well as having a significant influence on industrial 
applications.  The focus of this review is sterically stabilised non-interacting hard and soft 
spheres in a Newtonian continuous phase; charged particles and polymeric solvents are 
not considered. 
 
 
2.1 Introduction to Hard and Soft Sphere Suspension Rheology 
Rheology of suspensions of both hard and soft spheres has been studied experimentally, 
theoretically and by simulation with fundamental and semi-empirical models derived to 
describe suspension rheology.  The four most commonly used models for predicting 
suspension viscosity as a function of the normalised phase volume are shown in Figure 
2.1.  One of the most commonly used model soft sphere suspensions are microgels, which 
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are cross-linked polymeric particles that are swollen by the matrix fluid.  Examples include: 
chemically cross-linked polymers; biopolymers that can be physically or chemically gelled; 
and naturally occurring highly complex, starches.  Their specific volume typically alters due 
to movement of fluid from within the particle in response to changes in the suspension 
environment such as, temperature, (Senff et al., 1999, Tan et al., 2010, Tan et al., 2005) 
ionic strength and compression.   
 
In terms of their flow behaviour, microgel suspensions behave like hard spheres at low 
phase volume up to φ ~ 0.4 but deviate from that behaviour with increasing phase volume 
(Stokes, 2011, Wolfe and Scopazzi, 1989).  At high phase volumes where they are in 
dynamic arrest, microgel suspensions display solid-like properties; however, their structure 
can be disturbed by shearing and particles will flow past one another.  At these high phase 
volumes, suspension rheology is influenced by many factors: number and strength of inter-
particle interactions; particle modulus and particle shape. (Hughes, 2005, Stokes and Frith, 
2008, Meeker et al., 2004b)   
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Figure 2.1 Schematic showing examples of four available phase volume-viscosity 
models.  Einstein’s model is valid in the dilute region, Batchelor’s model in the semi-dilute 
region and MPQ and Krieger-Dougherty are valid up to maximum packing fraction.  It can 
be seen that the MPQ model does not follow Einstein or Batchelor’s models as well as the 
Krieger-Dougherty model at low phase volumes.   
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2.1.1 Predicting the Viscosity of Dilute and Semi-Dilute Hard Sphere Suspensions  
Suspension rheology is strongly dependent on particle phase volume and interaction 
potential.  Phase volume (φ) is the volume of particles in suspension (VP) relative to the 
total volume of suspension (VT), φ = VP/VT.  For suspensions of hard spheres at dilute (φ < 
0.05) and semi-dilute (φ < 0.15) concentrations, the relative viscosity depends on the 
phase volume according to Einstein’s equation (1906) and Batchelor’s equation (1977) 
respectively: 
 
)5.21(s φ+η=η
         (2.1)  
 
)C5.21( 22s φ+φ+η=η
        (2.2) 
η is the suspension viscosity and ηs is the solvent viscosity.  Batchelor’s equation 2.2 
includes the addition of a second order term to Einstein’s equation to account for pair-wise 
interactions that occur at increasing phase volumes.  The constant in front of the second 
order term (C2) can have a range of values from 4.2 to 6.2, depending on the underlying 
assumptions and approach to the derivation (Batchelor, 1977, Mendoza and Santamaria-
Holek, 2009, Ball and Richmond, 1980, Mewis and Wagner, 2011).  Batchelor (1977) 
derived a value of C2 = 6.2 for Brownian spheres, whereas Ball and Richmond (1980) 
found C2 = 5.2 to be most accurate for non-colloidal spheres   
 
At phase volumes greater than about 0.2, the model developed by Maron and Pierce 
(1956) and popularised by Quemada (1977) accounts for the multi-body particle 
interactions that take place to give:  
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This model, referred to here as the MPQ model, is commonly used to predict the 
Newtonian plateau viscosity of suspensions with volume fraction up to phase volumes 
where the relative viscosity (ηr) diverges towards infinity at φm.  The model is 
mathematically derived for concentrated suspensions following two paths: 
1. using the theory of ‘two phase flow’ to minimise the rate of viscous energy 
dissipation during shear (Quemada and Berli, 2002, Quemada, 1977) and;  
2. developing the pair distribution function of Brownian hard spheres (Brady, 1993)   
 
The assumptions in the derivation by Quemada are that the viscosity concentration 
relationship is ‘rectangular’ with a sharp transition between high and low concentration and 
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that there is no effective diffusion (high Peclet number).  Using a simple starting point of a 
monodisperse suspension of hard spheres that experience hydrodynamic and Brownian 
forces, Brady (1993) shows that as φ approaches geometric random close packing (φrcp) 
the divergence of relative viscosity is proportional to (1 - φ/φrcp)-2.  This comes from two 
factors: the first is proportional to the number of particles in contact as φrcp is approached 
and diverges as (1 - φ/φrcp)-1; the second, self-diffusivity, vanishes as (1 - φ/φrcp) because 
particles become trapped by their nearest neighbours. The relative viscosity (or deviatoric 
stress) is proportional to the first factor divided by the second factor, resulting in the term 
(1 - φ/φrcp)-2 (Brady, 1993, Quemada and Berli, 2002, Cheng et al., 2002).  Close to φrcp, the 
short term diffusivity of colloidal particles vanishes (Menut et al., 2012), which matches the 
situation with non-colloidal spheres that do not undergo short term diffusivity.  For this 
reason, the model has been found to apply to suspensions of both colloidal and non-
colloidal spheres close to φrcp.    
 
Equation 2.3 is well supported in the literature to accurately predict the viscosity of hard 
sphere suspensions; the papers of Brady (1993) and Quemada (1977) are each cited over 
200 times and that of Maron and Pierce (1956) cited over 100 times, and there are many 
examples of the equation being used to predict experimental data, albeit with φm as a free 
fitting parameter (Van Der Werff and De Kruif, 1989, Segre et al., 1995, Quemada, 1977, 
Allain et al., 1994, Metzner, 1985).  It also compares favourably with Stokesian dynamic 
simulations (Foss and Brady, 2000).   
 
The MPQ model is very similar to the well-used Krieger-Dougherty model (Krieger and 
Dougherty, 1959): 
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The Krieger-Dougherty equation is derived based on the assumption that, when shear is 
applied to Brownian particles in close proximity, some will rotate as singlets and others as 
doublets.  Assuming that only a very small fraction of the particles will be paired as 
doublets they derived the viscosity as a function of shear stress, which they showed 
experimentally to be dependent on particle concentration in the suspension.  Mooney 
(1951) had previously described a relation for viscosity with phase volume where a 
suspension was assumed to consist of two phases–a continuous phase of particle volume 
φ1 to which particles were added (φ2) to give φ  φ=   φ1+φ2 .  This simple analysis was 
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modified by Mooney to ensure it was valid at high phase volumes.  The modification 
assumes that the available volume for the added particles is, 1-ιφ where ι is a crowding 
factor, taking into account the volume added plus the particle volume already present.  
Krieger and Dougherty argue that the crowding factor is only applicable to the added 
portion, which results in the functional equation: 
 
)()()()()( rrrrr 12221121 φηφη=φηφη=φ+φη      (2.5) 
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The solution of equation 2.5 is equation 2.4.  The Krieger-Dougherty and the MPQ model 
have exactly the same form except that the exponent “2” is replaced by the product [η]φm.  
Hence, the Krieger-Dougherty model may fit experimental data better in some instances 
purely because it includes a second free-fitting parameter.  The [η] term allows fitting of the 
Krieger-Dougherty model to a wide range of suspensions from hard spheres to polymer 
suspensions (Krieger and Dougherty, 1959) as opposed to the MPQ model which is only 
applicable to spheres.  For the Krieger-Dougherty model to reduce to Einstein’s equation 
in dilute solutions of hard spheres [η] = 2.5.  For soft spheres, [η] is determined in dilute 
solutions, independent of φm, by plotting the specific viscosity (ηsp), shown in equation 2.8, 
against concentration and finding the x-axis intercept.  Often, [η] is not determined 
independently but is used as a free fitting parameter in the Krieger-Dougherty model.  It is 
also worth noting that the Krieger-Dougherty model is often favoured by many researchers 
because it reduces to Einstein’s equation at low volume fraction.  This assumes that 
rheological behaviour must be a continuum from moderate to low phase volumes.  From 
an experimental perspective, the error resulting from the difference between MPQ and 
Einstein is not significant (< 10%) in the dilute regime. 
( )c*/)( sssp ηη−η=η         (2.8) 
 
Another similar model recently developed by Mendoza and Santamaria-Holek (2009) is 
designed to reduce to Einstein’s model at low phase volume by using an excluded volume 
fraction rather than particle volume fraction: 
φexcl = φ/(1 - Cφ)          (2.9) 
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The derivation of this empirical model is based on a method known as Differential Effective 
Medium Theory (DEMT), which assumes that the system is a continuum at the macro 
scale whilst also developing equations to predict the configuration of the discrete (particle) 
phase.  The authors state that although this method has not been successfully applied for 
rheological prediction in the past, it is successful in this case as they take a geometric 
approach to the excluded volume. They assume φm is equal to φrcp, and take the value of 
0.63 applicable to monodisperse hard spheres.  Using this value, they show that their 
model is accurate for selected data from the literature, specifically data sets which also 
have φm = 0.63.  They suggest that their model is an improvement on the MPQ model, as it 
reduces to Einstein’s equation at low volume fractions, and an improvement on the 
Krieger-Dougherty equation, as it naturally expands to give a value for the second virial 
coefficient (C2 in equation 2.2) that agrees with both simulation and experimental data with 
only a single free fitting parameter. 
 
The viscosity of non-colloidal particles is determined primarily by hydrodynamic 
interactions and is not influenced by factors such as Brownian motion and electrostatic 
forces, which strongly affect colloidal particles.  This results in differences in rheology at 
low to moderate volume fraction; non-colloidal suspensions show Newtonian behaviour up 
to large volume fractions (φ ~ 0.5), but colloidal suspensions are shear thinning, as shear 
disrupts colloidal particle interactions even at very low volume fractions (Mewis and 
Wagner, 2011).  The Peclet number is a commonly used measure for the ratio between 
the characteristic diffusion time due to Brownian motion and the characteristic shearing 
time present in a suspension: 
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Above Peclet number (Pe) ~ 103 viscosity becomes independent of shear as 
hydrodynamic forces dominate over Brownian forces (Mueller et al., 2010).  For non-
Brownian suspensions where Peclet number is large particle inertia can dominate 
according to the Reynolds number (Re): 
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Reynolds number becomes insignificant below ~ 10-3.  For neutrally buoyant suspensions 
ηr = f(φ, Pe, Re).  φm is dependent on these system variables and is thus specific to the 
shear rate at which ηr is chosen.  It must be noted that these parameters are dependent on 
the applied shear rate and shear history as a true non-colloidal system has no equilibrium 
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state.  In addition, any state that is achieved on cessation of shear will remain until some 
outside force is applied (Mewis and Wagner, 2011). 
 
2.1.2 Viscosity—Phase Volume Models for Microgel Suspensions 
Determining phase volume of both colloidal and non-colloidal particles is highly sensitive to 
error in assumptions or measurements, particularly at low phase volume.  The simplest 
method, using the weight of particles and their specific volume, is useful only for hard 
spheres that have no sterically-stabilised layer on their surface.  In addition, this method 
gives the absolute particle phase volume rather than the hydrodynamic phase volume of 
the particle, which is most applicable to rheology measurements.  For colloidal scale 
particles, the most common approach is to ‘map’ the suspension to the freezing transition, 
which, for monodisperse hard spheres, occurs at φf = 0.494 up to the melting transition 
where crystallinity is lost at φmelt = 0.545.  For a suspension that has been allowed to rest 
for a sufficient time, the volume fraction of crystals can be measured and mapped to give a 
linear increase in the crystal volume fraction between φf and φmelt.  This approach is only 
valid for entirely monodisperse suspensions with polydispersity resulting in errors in φ of < 
3% (Poon et al., 2012).  Particle softness due to deformation of the steric stabilising layer 
on the particle surface is considered to result in errors in φ of ~ 6% when hard sphere 
approximation and the freezing transition method is applied to PMMA particles with a core 
diameter of 2 µm and a soft shell with a Debye screening length of 100 nm (Royall et al., 
2013).  For non-colloidal and polydisperse particle suspensions, a more common 
approach is to use Einstein’s equation.  For microgel suspensions, the particle volume is 
often determined in dilute suspensions (φ < 0.05) where particles are fully swollen; this is 
defined as the effective phase volume (φ0).  Einstein’s theory states that at suspension 
concentrations tending to zero, η will increase above ηs by an amount proportional to the 
volume of a particle; this is also known as the intrinsic viscosity [η], described by equation 
2.14.  The intrinsic viscosity can be substituted into Einstein’s equation, rearranged as 
shown in equation 2.15, to determine φ0.  
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According to Poon et al (2012), φ must be less than 0.02 to ensure the dilute limit condition 
is met.  This analysis of errors suggests that Batchelor’s equation is a more realistic 
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approach than that of Einstein as it extends the region of applicability to higher phase 
volumes and hence higher viscosities (Poon et al., 2012).   
 
As shown above, φ is a critical parameter for defining rheological behaviour of 
suspensions.  For microgels or polymers φ, cannot be simply determined from a dry weight 
analysis of a suspension because this does not account for the solvent incorporated into 
the structure of the microgel.  In contrast to hard spheres, the specific volume of a 
microgel can vary with solvent conditions and is not necessarily constant with phase 
volume.    
 
There are a number of examples where Einstein’s equation or Batchelor’s equation have 
been used to define the hydrodynamic phase volume of a suspension.  This is 
demonstrated with poly(methyl) methacrylate (PMMA) microgels with varying cross-linker 
content (Wolfe and Scopazzi, 1989).  The limitation with the use of Einstein’s equation is 
that viscosity measurements at very low concentration must be highly accurate, which is 
challenging for very low viscosities close to that of water.   
 
Batchelor’s equation can be extended up to φ0 ~ 0.2 thereby allowing a greater number of 
measurements at phase volumes across a wider viscosity range.  Tan et al. (2004) used 
Batchelor’s equation up to φ0 of 0.3, substituting φ0 = kc into equation 2.2, c is the mass 
concentration of the dispersion in g/ml and k is the specific volume in ml/g.  k is considered 
a constant and is adjusted to have the model predict the experimental data with minimum 
error.  k is thus the only adjustable parameter.  Batchelor’s equation has also been used 
by Senff and Richtering (1999) to determine effective phase volume for synthetic latex 
core-shell microgels, where the shell is temperature sensitive.  To do this, they plotted 
η0/ηs against the specific volume of the polymer latex microgel core (φp), which is 
unchanged with temperature and fitted Batchelor’s equation with φ = φpS; S, the shell 
thickness, is temperature sensitive and used as a free fitting parameter.  
 
An alternative method used by Adams et al. (2004) is to define microgel volume fraction by 
assuming the weight fraction (φw) of the suspension and the volume fraction to be identical.  
φw is determined by drying a known mass of suspension (mwet) using the following 
equation: 
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cgel is the concentration of polymer used to make the microgel, and mdry is the weight of 
solid remaining after drying.  This approach assumes that the concentration of agarose in 
the microgel is the same as that in the solution used to manufacture the microgels.  
Although simple, this method is not ideal as it led to overestimation of the particle phase 
volume (Adams et al., 2004).   
 
A major challenge when using an effective phase volume based on the viscosity measured 
under dilute or semi-dilute concentrations is that the actual phase volume may alter with 
increasing concentration.  This change in actual phase volume is found experimentally 
where φm is significantly higher than 0.64 for monodisperse suspensions.  From this result, 
it is found that φ0 determined in dilute solutions using Einstein’s or Batchelor’s equations is 
not valid at high phase volume (Tan et al., 2004).  Using colloidal core-shell PMMA 
microgels, Tan et al. (2005) suggest that this is due to the particle shrinking under osmotic 
pressure at high phase volume.  They went on to determine the semi-empirical model 
shown in equation 2.17 to incorporate the specific volume (k), where:φ0 = kc, kmin describes 
the limiting condition when the microgels are compressed to the hard sphere equivalent 
volume, k0 is at maximum swelling in dilute suspensions, c0 is the critical concentration at 
which osmotic de-swelling occurs due to the concentration of free counter ions in solution, 
and the parameter m describes the rate of decrease in k with particle concentration.   
 
In many cases the change in phase volume with concentration is shown to be dependent 
on microgel modulus, which is proportional to cross-linker concentration.  Cloitre et al. 
(2003) confirmed that the relative viscosity for synthetic microgels with 3 different cross-
linker concentrations all fell onto the same curve when plotted against suspension phase 
volume, as shown in Figure 2.2.  Critical to this collapse is that φ is calculated using the 
swelling ratio at finite dilution.  Senff and Richtering (2000) also studied synthetic polymer 
microgels with varying cross-linker concentrations.  However, they were unable to draw 
any specific conclusions as each of the suspensions had a different degree of 
polydispersity and were temperature sensitive.  
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The above studies were completed on colloidal scale microgel suspensions. In contrast, 
Adams et al. (2004) tried to collapse their shear measurements for suspensions of non-
colloidal agarose particles of differing moduli, using the relative viscosity against relative 
phase volume, onto one curve.  However, their steady shear data for agarose microgels 
with different moduli did not fall onto one master curve.  The authors suggest that this is 
due to the non-colloidal size of the particles or the fact that the range of particle moduli is 
significantly greater than in previous articles.  The inaccessibility of the zero-shear plateau, 
and thus non-equilibrium values used, may also be a contributing factor. 
 
 
 
φ 
Figure 2.2 Low-shear relative viscosity with the volume fraction of microgels for three 
cross-linker concentrations:○ 140; ◊ 70; ∆  28. The full line represents polydisperse 
Brownian hard-spheres. Reproduced from Cloitre et al. (2003). 
 
Studies have been carried out showing the effect of particle modulus on φm.  However, for 
colloidal scale microgels, cross-link density, a function of cross-linker concentration, also 
affects osmotic de-swelling meaning that particle modulus and particle volume are not 
independent of one another.  For example, Wolfe and Scopazzi (1989) measured the 
effect of colloidal PMMA particle modulus by varying cross-linker concentration and found 
that with decreasing cross-linker concentration, there is an increase in the critical 
concentration at which the zero-shear viscosity shows a sharp increase (i.e. φm).  They 
suggest that this is consistent with the greater compressibility of the softer, more lightly 
cross-linked, particles.   
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2.2 Maximum Packing Fraction and the Influence of Particle Size Distribution 
It is common to define maximum packing fraction as the phase volume at which 
suspensions cease to flow, which is shown schematically in Figure 1.1 by the, dotted line, 
asymptote to the MPQ and Krieger-Dougherty models.  The limitation with this definition is 
that it is dependent on the viscosity measurement or simulation technique and viscosity-
phase volume model fitted to the data to find φm (Mewis and Wagner, 2009, Ikeda et al., 
2012).  Reported values and techniques for determining φm are discussed in Section 2.2.1.  
An alternative approach is to use φrcp defined independently from the particle size 
distribution, discussed further in Section 2.2.2.   
 
2.2.1 Maximum Packing Fraction of Hard Spheres 
For monodisperse hard sphere suspensions, φm is commonly reported from simulation as 
being between 0.58, (the Brownian hard sphere glass transition) found using mode 
coupling theory (Fuchs and Ballauff, 2005), and 0.64, (the random close packed limit) 
found using Stokesian dynamics simulations (Sierou and Brady, 2001).  Theoretical values 
come from ordered geometric structures such as ‘double staggered’ where φm = 0.605 and 
face centred cubic or hexagonal close packed, both of which give φm = 0.7405, however 
suspensions do not generally fall naturally into these configurations but rather approach 
random close packing (Stickel and Powell, 2005).  Storms et al. (1990) suggest that φm, 
defined by the ‘double staggered’ theoretical configuration is appropriate for their 
monodisperse suspension.  This value is also chosen by McGeary (1961), but a later 
paper (Lee, 1970), suggested McGeary’s result is misleading and that 0.605 should be 
adjusted to 0.639, the dense random mechanical packing found experimentally from 
vibration of packed systems of spheres.  These results show the variability of reported 
maximum packing fractions.  
 
From rheological experiments an even broader range is reported from φm = 0.524 for non-
colloidal glass spheres at zero-shear (Shapiro and Probstein, 1992) to φm = 0.64 in the 
zero-shear limit and φm = 0.71 at high shear for stabilised silica suspensions (Van Der 
Werff and De Kruif, 1989).   
 
The experimental variability is due to several causes: difficulty in viscosity measurement 
for concentrated suspensions of hard spheres without artefacts such as edge effects, 
aggregation or slip (Mewis and Wagner, 2009); in producing a truly non-deformable, non-
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interacting hard sphere; and accurately defining the phase volume especially for sterically 
stabilised or core-shell particles where particle structure is not homogeneous, introducing 
up to 6% error in φ (Royall et al., 2013).  6% error in φ gives an average in φm = 0.61 ± 
0.03, i.e. covering the full range of simulation results from the glass transition to the 
geometric random close packing fraction.   
 
The effects of experimental error even in a simple mechanical settling experiment 
(tapping) are shown by Poslinski et al. (1988).  They defined φm as the ratio of the 
suspension bulk density to the density of a single particle.  They measured bulk density for 
glass spheres in air, silicone oil and in high viscosity polybutene to investigate the 
influence of size ratio of small to large diameter spheres (DS/DL) on φm in bimodal 
suspensions.  Using the three fluids, they found systematic errors in φm of up to 3%, less 
than that of experimental error on three repeats of the same fluid (4 %) which corresponds 
to φm = 0.61 ± 0.02.   
 
It is known that φm increases with increasing particle size distribution as small particles are 
able to fit between larger particles in an efficient manner.  A number of researchers have 
measured bi-, tri-, and polydisperse suspensions with a variety of methods to determine 
the influence of particle size distribution on φm (Storms et al., 1990, Chong et al., 1971, 
McGeary, 1961, Lee, 1970, Poslinski et al., 1988, Chang and Powell, 1994, Luckham and 
Ukeje, 1999).  There have been empirical and graphical relationships, arising from these 
articles that predict suspension viscosity as a function of phase volume for multimodal 
suspensions.  One example showing the predictive capability of these empirical models is 
presented by Lee (1970).  He calculated an empirical relationship between φm and 
polydispersity for mixtures containing up to 5 components based on the following 
equations for a binary mixture, as shown in Figure 2.3: 
735063906390 ./).(. maxSL −φ+=φ         (2.18) 
265063906390 ./).(. maxLS −φ+=φ        (2.19) 
LSLssP XX.)( •φ+•=φ 6390        (2.20) 
LsLSLP X.X)( •+•φ=φ 6390         (2.21) 
LS XX. +=01           (2.22) 
φSL and φLS are binary coefficients of small-large mixtures; φmax is the maximum theoretical 
packing of a binary mixture; (φP)S and (φP)L are straight lines representing idealised 
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packing of binary mixtures; and XS and XL are the volume fractions of each component, 
the small and large particles respectively.  This empirical relationship was based on data 
measured by McGeary (1961) using mechanical packing (tapping) of spherical metal shot 
in large containers adjusted to fit the assumption that the mechanical maximum close 
packing fraction of monodisperse spheres is 0.639 rather than the measured value of 
0.625.  The second assumption was that the closest possible arrangement of 
monodisperse spheres is 0.735, and the authors suggest that this assumption may result 
in some inaccuracy.  Results for arbitrary mixtures of spheres are shown in Table 2.1.  The 
data from McGeary (1961) when re-plotted by Lee (1970) suggested φm of 0.95 for an 
infinite diameter ratio of small to large spheres, shown in Table 2.1. 
 
 
Figure 2.3 Idealised packing of binary mixtures of spheres with packing volume fraction 
(a function of the diameter ratio of small to large spheres) against the volume fraction of 
large spheres. Reproduced from Lee (1970)  
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Table 2.1 φm calculated using the semi empirical model of Lee (1970) for 5 component 
mixtures of arbitrary sphere diameters D1 to D5.  
D1 D2 D3 D4 D5 φm 
1 2 3 4 5 0.76 
1 2 4 8 16 0.85 
1 3 9 27 81 0.89 
1 4 16 64 256 0.91 
1 5 25 125 625 0.91 
1 6 36 216 1296 0.92 
1 7 49 343 2401 0.93 
1 8 64 512 4096 0.93 
1 9 81 729 6561 0.94 
1 10 100 1000 10000 0.94 
1 20 400 8000 1.6ₓ105 0.94 
1 10 10000 1ₓ106 1ₓ108 0.95 
 
2.2.2 Random Close Packing Fraction of Hard Spheres 
The random close packing fraction is defined as a clear geometric point at which particles 
are in a densely packed, but non-crystalline state. It is also defined experimentally as the 
most efficient random packing method commonly found in tapped or consolidated 
systems.  However, there is debate around the nature of random close packing and 
whether it is a clearly defined parameter or dependent on the shear history of the 
suspension and the precise definition of the ‘randomness’ (i.e. where does randomness 
end and crystallinity begin?) (Torquato et al., 2000, Mewis and Wagner, 2009).  Others 
argue that the value of φrcp = 0.64 reached experimentally (Lee, 1970) for monodisperse, 
non-interacting and frictionless hard spheres is sufficiently repeatable so as to overcome 
the ‘ill-defined’ label.  The advantage of using φrcp over φm lies in the fact that determination 
of φrcp does not require choosing and fitting a rheological model to determine φm.  The 
geometrically defined nature of random close packing also means that the effect of particle 
size distribution can be found from first principles. 
 
It is well known that, with increasing bi- and poly-dispersity φrcp increases (Mewis and 
Wagner, 2011, Chong et al., 1971, Farr and Groot, 2009).  Unlike the empirical nature of 
the predictive models for φm, φrcp can be determined from particle size measurement using 
one of several available theoretical models (Phan et al., 1998, Kansal et al., 2002, 
Brouwers, 2011, Farr and Groot, 2009).  The model of Farr and Groot (2009) has been 
designed to overcome the limitations in previously published models associated with the 
dependence of packing density on solvent viscosity, particle size and mass (Torquato et 
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al., 2000).  Farr and Groot (2009) use numerical simulations for mixtures of elastic spheres 
with hydrodynamic friction to show that the dependence of essentially hard sphere packing 
on solvent viscosity, particle size and mass is general and relatively weak, and can easily 
be accounted for.  Most of these models require significant computing time and power to 
achieve a result.  To overcome this limitation, Farr and Groot (2009) also developed an 
analytical model for predicting φrcp, by mapping the 3D random close packing function as a 
system of rods in one dimension described by equation 2.23 with the free volume f > 0, an 
interaction potential between two rods of length L and a gap (h) between their ends.  The 
analytical prediction is near identical to their full numerical simulations.  To predict φrcp the 
Farr and Groot analytical model utilises the log normal particle size distribution from the 
volume weighted (d4,3) and surface weighted (d3,2) mean particle size according to 
equation 2.24. 
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σ2 = ln(d4,3/d3,2)         (2.24) 
The theoretical prediction compares well with that from simulation as shown in Figure 2.4.   
 
  
Figure 2.4 The prediction of φrcp from the log mean particle size distribution (σ) from 
theory (solid line) and simulation (points), based on 20000 rods.  Reprinted with 
permission from Farr and Groot (2009).  Copyright (2009), AIP Publishing LLC. 
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2.3 Rheology Above Maximum Packing Fraction 
Concentrated suspensions are defined in the following discussion as those above the 
random close packing fraction.  In this regime inter-particle interactions and microstructure 
define suspension behaviour.  Semi-empirical and theoretical models have been proposed 
for the dynamic behaviour (G’ and G”, Pa) of concentrated suspensions in the linear 
viscoelastic regime.  G’ is the storage modulus and describes the solid-like behaviour of 
the suspension, and G” is loss modulus and describes the liquid-like behaviour.  
 
Evans & Lips (1990) developed a model for suspension elastic modulus (G0) of 
monodisperse compressed particle suspensions.  By assuming that during linear particle 
motion the movement of particle centres relative to one another remains affine, the model 
can be applied to non-Brownian polydisperse particles.  They also assumed that the 
suspension elastic modulus is equivalent to G’, measured using oscillatory rheology, and 
validated the model to data using suspensions of Sephadex, a chemically cross-linked 
dextran microgel.  This model was developed for concentrated suspensions where inter-
particle forces are dominated by elastic deformation of contacting particles.  Their model is 
based on the statistical mechanics model of Zwanzig & Mountain (1965), as shown in 
equation 2.25.  Evans & Lips (1990) applied the following assumptions specific to non-
Brownian microgel suspensions: 
i. non-central forces due to friction and adhesion are negligible;  
ii. only nearest neighbours interact; and 
iii. the contribution from the NkbT term, which describes the contribution of Brownian 
motion, is negligible for non-Brownian particles.  
The force as a function of separation (dV/dr) term relates to the inter-particle forces which 
at high phase volume are dominated by deformation of elastic spheres in contact.  The 
Hertzian pair potential, shown in equation 2.26 and mechanism of particle deformation in 
close contact as illustrated in Figure 2.5, describes the force (V) as a function of the 
particle radius (R0), contact radius (r), and the particle shear elastic modulus (Gp).  Gp is 
described by equation 2.27 as a function of Young’s modulus (E) and the Poisson ratio 
(ν) of the particle. 
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Figure 2.5 Hertzian pair interaction of two spheres with particle radius (R0) and a 
spherical contact area with contact radius (r).  
 
The Evans and Lips (1990) model is given by equation 2.28, where a relative phase 
volume is used to describe packing fraction relative to the maximum packing fraction (φr 
=φ/φm), and n is the number of nearest neighbours.  This model is a good fit for Sephadex 
microgels in the range 0.7 < φr < 1.  However, it does not predict suspension modulus for 
agar microgels (Adams et al., 2004), which, they suggest, may be due to particle 
deformation, the slight charge on the agar, the polydispersity of the particles and/or any 
ions present in the suspension.  The choice of values for n and ν may also have affected 
the model fit as Adams et al. (2004) assumed ν to be 0.5 for an incompressible solid and n 
to be 6 whereas Evans Lips (1990) used n = 11, close to that expected for face-centred 
cubic packing of mono-disperse spheres, and ν = 0.25, which is appropriate for dextran 
particles as they are compressible.  n and ν would have to be set to unrealistic values to 
force the model to fit the measured points for agar microgels.  Also, Gp used in each of 
these articles was determined using two different methods; Evans and Lips (1990) 
obtained it via osmotic de-swelling studies while Adams et al. (2004) assumed that it was 
equivalent to the G' of an agarose gel disk by assuming that the polymer concentration in 
the particles was the same as the initial polymer solution used for particle preparation.  
Both approaches assume that the particle has homogeneous structure and the properties 
are the same as those of a gel disk. 
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Adams et al. (2004) found that the model of Evans and Lips is not a good prediction for 
suspension modulus of agar microgels with modulus predicted from the shear modulus of 
an agarose gel disk.  Instead, they developed an empirical model to fit the suspension 
modulus of agar microgels of varying Gp, presented in equation 2.29.  The exponent of 1/3 
occurs as it is assumed that suspension modulus is dependent on inter-particle separation.  
In this model ‘a’ and ‘b’ are constants equal to 0.4 and 1.12 respectively, although it is 
suggested that ‘a’ may be dependent upon particle size and size distribution. 
]1[aG'G 3/1rbP −φ−=          (2.29) 
 
The models presented above for rheological behaviour at high phase volume are 
dependent on Gp.  Many authors (Adams et al., 2004, Evans and Lips, 1990) assume Gp 
to be the same as that for the bulk gel, which has the potential to be incorrect if the 
polymer density across the particle is not homogenous.  However, based on this past 
work, the method appears to give reasonable results.  For accurate modelling of 
suspension behaviour it is necessary that the single particle properties, GP and 
compressibility described by ν, be effectively measured.  ν is a measure of how a material 
contracts in the lateral dimension (lateral compressive strain) when stretched longitudinally 
(longitudinal extensional strain).  The maximum ratio of 0.5 is found for some rubbers, 
which are termed incompressible, metals have a Poisson’s ratio around 0.25 - 0.35 
(Pilkey, 2005) and hydrogels fall in an intermediate range of 0.38 to 0.49 (Chippada et al., 
2010, Chen et al., 2013) 
 
Micromanipulation and Atomic Force Microscopy (AFM), shown schematically in Figure 
2.6, are techniques that probe particle elasticity at a particular point on the particle surface.  
Micromanipulation was used by Yan et al. (2009) to study the Gp of agarose particles.  
Their findings show a viscoelastic response that could be described by two relaxation 
times with more than an order of magnitude difference.  They propose that this is due to 
the transport of water out of the microgels (shorter relaxation time) and the viscoelastic 
nature of the polymer network (longer relaxation time).  AFM uses force applied to a 
flexible cantilever with calculation of the relationship between the force and the degree of 
bending in the calibrated cantilever to determine the Gp.  To characterise the elastic 
response of the particle in its entirety the Hertz model for a sphere is used, which assumes 
that the particle is homogenous and remains spherical after attaching to a substrate prior 
to measurement.  There may be error introduced due to these assumptions, although 
there are differing opinions on this point (Liu et al., 2013, Dokukin et al., 2013) 
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A recently developed method, termed 'capillary micromechanics', shown in Figure 2.6(c) 
has been developed by Wyss et al. (2010) to characterise the compressive modulus and 
shear modulus of soft spheres  In this technique, a dilute suspension of particles flows 
through a tapered capillary by applying a pressure difference across it.  A particle is 
blocked at the narrow constriction end of the tube, whereby it is compressed and will 
deform to the tapered shape of the capillary as the pressure is increased, eventually 
coming to equilibrium between the external pressure applied and the internal pressure of 
the particle.  The balance between the external force applied to the particle and the 
internal elastic stress allows the elastic properties of the particle to be derived.  This 
method appears simple however, it is only applicably to highly monodisperse suspensions 
and is difficult to apply to very soft particles as they will deform and pass through the 
tapered capillary without reaching equilibrium. 
a 
 
b 
 
c  
 
 
 
Figure 2.6  Schematic diagram of experimental techniques for characterising mechanical 
properties of spherical particles: (a) micromanipulation, where a particle is compressed 
between a plate and a solid probe; (b) AFM, where the particle surface is probed by 
applying force to a flexible cantilever; and (c) capillary micromechanics, where particle 
properties are measured by forcing a particle through a small tube at a known pressure.  
(c) Reproduced from Wyss et al. (2010) with permission of The Royal Society of 
Chemistry. 
 
 
2.4. The Transition from Viscous Behaviour to Viscoelastic Solid Behaviour 
Section 2.1 discusses viscous suspension behaviour up to the random close packing 
fraction and Section 2.3 covers viscoelastic solid behaviour when G’ is greater than G” at a 
frequency of 10 rad/s (analogous to the commonly defined ‘gel point’ for network gels).  In 
suspensions, the point at which G’ and G” cross is defined as the jamming fraction (φj).  It 
is commonly assumed that φrcp and φj occur at the same volume fraction (i.e. at φ = 0.64 
viscous behaviour ceases and G’>G”).  However, there is some literature suggesting a 
viscoelastic liquid-like region exists between the viscous and viscoelastic solid regimes, as 
shown in Figure 2.7
 
(Sessoms et al., 2009, Lois et al., 2008).  This literature is reviewed 
here with particular consideration for non-colloidal scale soft particles in the size range of 1 
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to 10 µm, which are athermal.  For athermal particles, thermal fluctuation (Brownian 
motion) does not provide sufficient energy for particle rearrangements (Liu and Nagel, 
2010). 
 
At φ ≥ φj, soft sphere suspensions possess an apparent yield stress.  At low shear stresses 
(below the yield stress), the suspension is solid-like and any measurable viscosity (e.g. 
zero-shear plateau) is very large.  At the apparent yield stress, there is a sudden decrease 
in viscosity and the suspension flows (Ikeda et al., 2012).  As for maximum packing 
fraction, the exact reported value for φj depends on the assumptions used and on the 
accuracy of experimental techniques (Ikeda et al., 2012).   
 
It is hypothesised that three mechanical states exist in soft sphere suspensions: (1) not 
percolated (viscous); (2) percolated but unjammed (viscoelastic liquid-like); and (3) 
jammed (solid-like).  Lois et al. (2008) and Ikeda et al. (2012) demonstrated the existence 
of these three regions using numerical simulation.  Sessoms et al. (2009) used 
experimental data from hard spheres, below random close packing and concentrated 
emulsions, above jamming, to suggest the viscoelastic liquid region existed, as shown in 
Figure 2.7.  They were unable to measure the transition experimentally due to their choice 
of model system—core-shell microgels which have a soft shell of loose polymer chains 
and are thus able to interpenetrate.  
 
Simulation results are often all that is available in the jamming region where accurate 
rheological measurements are difficult.  These simulation results must be approached with 
a degree of caution as assumptions required to calculate a result can over-simplify the 
model, making it unrealistic.  For example, Dagois-Bohy et al. (2012) present evidence 
that when Stokesian Dynamic simulations of jamming are developed by numerically 
compressing spheres in a box or by swelling spheres, the results do not show the point 
required for jamming where suspensions have a finite yield point and are stable to shear.  
The authors show that the key criteria for stability is the number of nearest neighbour 
particle contacts (coordination number, n) and that to form a stable suspension the number 
is one greater than previously thought, that is, n = dNb - d + 1, where d is the number of 
dimensions used in the simulation (i.e. 2 or 3 dimensional) and Nb is the total number of 
particles included in the simulation box.  This is also supported by Goodrich et al. (2012), 
although they take a different approach.  Another assumption commonly used to simplify 
theoretical models is that hydrodynamic interactions are negligible (Lerner et al., 2012). 
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Figure 2.7 Relative viscosity of hard sphere suspensions against phase volume using 
data from Meeker et al. (1997) and G’ scaled by droplet modulus (surface tension (Γ)/drop 
radius (R)) for concentrated emulsions against phase volume using data from Mason et al. 
(1995).  φg = 0.58 and φj = 0.64.  Graph is redrawn from Sessoms, D. A., Bischofberger, I., 
Cipelletti, L. & Trappe, V. (2009) Multiple dynamic regimes in concentrated microgel 
systems. Philosophical Transactions of the Royal Society a, 367, 5013, by permission of 
the Royal Society. 
 
Due to the challenges of measuring suspension rheology around jamming, there are few 
experimental results available, and those that are available are often questioned.  
Emulsions and suspensions of soft colloidal scale particles are the two systems most 
commonly studied.  Emulsion systems have the advantage that the droplets do not lose 
volume at high concentration, which occurs with microgels and other soft particles.  
However, Gp is variable in polydisperse emulsions as it is equivalent to the Laplace 
pressure of emulsion droplets, which is dependent on droplet size (Saiki et al., 2008).  
Experimental work has been carried out on concentrated emulsions to determine the 
influence of droplet size on the jamming transition and the suspension modulus (Pal, 2000, 
Masalova and Malkin, 2007).  It is shown that emulsion droplet size does affect the 
jamming transition.  However, in this work the particle size distribution changes with the 
particle size thus the effects of polydispersity and size were not investigated 
independently.  
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It is clear that a well-defined soft particle suspension is required to experimentally validate 
the numerical simulations of Lois et al. (2008).  In the design of this model suspension, 
particle morphology and size must be considered carefully to ensure that the out-of-
equilibrium behaviour predicted for this transition region is measureable.  Ikeda et al. 
(2012) suggest that a particle size range of 1- 10 µm is ideal for experimental investigation 
of the jamming transition for two reasons: (1) soft colloidal scale particles are not suitable 
for studying this transition unless the ratio of temperature to chemical well potential is very 
small and (2) particle size sets the timescale for Brownian motion, which results in an 
observable timescale ≈ 1 s for a 1 µm particle. 
 
 
2.5 Slip of Particle Suspensions Across Smooth and Repulsive Surfaces 
Slip occurs where a low viscosity layer of fluid is created between the bulk suspension and 
plate surface and is seen with many methods of bulk rheological measurement, although it 
often goes unreported (Buscall, 2010). Slip is relevant not only because it can cause 
erroneous measurements but also because it will be found in real situations such as flow 
along a smooth pipe. 
 
The term slip refers to the situation whereby there is a differential in velocity between a 
surface and the velocity of the fluid immediately adjacent to it, i.e. the fluid at the surface is 
not travelling at the same velocity as the surface.  It is used to apply to two different 
situations in particle suspensions: one where the bulk sample slides across the surface of 
the plate; and the other, termed wall depletion, is due to the creation of a low viscosity 
boundary layer between the solid boundary and the bulk suspension because of the 
displacement of the disperse phase, as shown in Figure 2.8 (Barnes, 1995).  This 
boundary layer becomes more significant with increasing particle size, increasing 
suspension viscosity and decreasing plate gap as the boundary layer maintains the same 
thickness while bulk suspension is confined to a smaller relative volume (Barnes, 1995, 
Buscall, 2010).  Barnes (1995) presents two general types of depletion: static where solid 
particles cannot fill the space next to solid walls (Figure 2.8a); and dynamic, due to 
physico chemical forces arising between the particles and the walls.   
 
To eliminate slip from rheological measurements, no-slip geometry such as a roughened 
plate surface is used.  There are several options for rough plate geometries, with the 
important defining parameter to eliminate slip being that the roughness is greater than or 
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equal to the order of the particle size (Buscall, 2010).  Plates with sandpaper attached to 
their surface are commonly used to achieve this (Tabuteau et al., 2004, Frith and Lips, 
1995). 
 
Figure 2.8   Schematic showing depletion of a particle suspension between parallel 
plates. Showing: (a) the impossible scenario that a particle could overlap a solid boundary; 
(b) the reality for a particle in suspension pushed away from the plate surface; and (c) both 
deformation and movement away from the plate. Schematic (c) adapted with permission 
from Meeker et al (2004a). (2004a). Copyright 2004, The Society of Rheology. 
 
In cases where slip is not eliminated, calculation and correction for the slip layer is 
required.  Mooney (1931) developed a simple method to determine the slip velocity (Vs)–
the velocity of the fluid at the surface of the measuring geometry—for flows in capillary and 
rotating cylinder viscometers.  This method is based on the assumptions that the slip layer 
is: small relative to the bulk layer; is constant with stress; and independent of the gap.  The 
calculation assumes that the shear rate is dependent on the fluid layer thickness (h). As 
the plate gap is reduced, the measured shear rate increases proportionally to the actual 
shear rate; the proportion is governed by the slip layer thickness.  Yoshimura and 
Prud’homme (1988a) developed the method of Mooney (1931), as shown in equation 2.30, 
for parallel plate geometry.  This approach enables determination of the slip velocity from 
shear rate measured at two different gap heights (h).  The Mooney method has been 
applied recently by Davies and Stokes (2008) to thin film measurements with parallel 
plates.  They followed the Mooney method, plotting shear rate against the reciprocal gap 
at a range of shear stresses, as shown for hollow glass spheres in Figure 2.9.  A linear 
equation was fitted to this data to give a shear rate equivalent to the shear rate in the bulk 
(bulk) and Vs from the intercept and slope, respectively.  The Mooney equation was then 
used to determine the slip length (hs) by rearranging equation 2.30. 
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Figure 2.9 Shear rate as a function of reciprocal gap for hollow glass spheres 
suspended in 350 cSt silicone oil at a phase volume of 10%.  Reprinted with permission 
from Davies and Stokes (2008). Copyright 2008, The Society of Rheology. 
 
Davies and Stokes (2008) used a conventional rotational rheometer with calculated gap 
correction down to narrow gaps as low as 60 µm, and found, for deformable particles of 
Carbopol 934, four slip regimes dependent on shear rate and gap, as shown in Figure 
2.10.  Regime I occurs at high stress where the bulk fluid viscosity is similar to that in the 
no-slip case, slip is still present as slip velocity increases with stress.  In regime II, slip 
velocity is linear with stress.  Regime III occurs below the yield stress where there is a 
quadratic relationship between slip velocity and shear rate.  Regime IV is a special case 
which only occurs at narrow gap and low stress; in this regime slip velocity is close to zero.  
Using the specially designed Flexure-based microgap rheometer (FMR) with accurately 
controlled plate gap, two slip regimes, similar to those above, were seen for a skin cream 
(Clasen and McKinley, 2004).  Regimes I and II described above are shown to occur in the 
FMR, with a gap dependent stress at which the transition between the two occurs.  The 
authors suggest that no slip occurs below the yield stress.  At small gaps (< 55 µm) the 
suspension behaviour was dominated by 50 µm deformable wax particles and although a 
‘stick-slip’ mechanism was suggested no slip velocity was reported.  A similar result is 
found by a third group Bertola et al. (2003) who studied a foam and an emulsion in rough 
and smooth parallel plates and using magnetic resonance imaging (MRI) to show a 
physical structure difference between the two slip regimes.  These authors found only two 
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slip regimes: one below the yield stress (equivalent to regime III) and one above 
(equivalent to regime I).  Tabuteau et al. (2004) carried out a more qualitative study using 
creep tests to determine the existence of a slip layer for sewerage sludge and found that 
an apparent Newtonian slip layer formed over a short time with bulk flow only occurring 
after a critical stress was reached.  Above the critical stress their data for rough and 
smooth plates fell on the same curve suggesting no slip occurring above the yield point, 
contrary to results from Davies and Stokes (2008) showing slip at stresses above the yield 
stress.  This difference is likely due to the presence of both polymers and particles in the 
sewage sludge compared to Carbopol–a relatively simple model microgel suspension. 
 
Figure 2.10 Slip velocity against shear stress for neutralised 0.15 % Carbopol 
suspension above and below 80 µm gap.  Three slip regimes are shown.  Reprinted with 
permission from Davies and Stokes (2008). Copyright 2008, The Society of Rheology. 
 
Meeker et al. (2004a, 2004b) studied slip in pastes of deformable particles below the yield 
stress in large gaps (regime III from Davies and Stokes (2008)) and proposed a 
mechanism based on elastohydrodynamic lubrication (EHL).  They suggest that microgels 
deform and develop flat facets at hard surfaces under shear.  The increase in area of the 
particle promotes hydrodynamic lubrication and a force of the particles normal to the flow 
direction.  The thickness of the slip layer that results is thus dependent upon the balance 
between lift forces and the repulsive forces generated by the particle trying to regain 
sphericity. This is illustrated in Figure 2.8(c), where the particle is forced away from the 
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plate surface by the fluid under shear and the microgel is deformed when the force on the 
particle surface is greater than the particle modulus.  On rough surfaces, the lubricating 
layer and lift force are disrupted by asperities on the surface and thus there is no 
hydrodynamic film and no slip.   
 
Meeker et al. (2004a, 2004b) propose the relationship in equation 2.31 for the 
characteristic slip velocity (V*) at stresses below the yield stress (τy) as a function of the 
suspension modulus (G0), yield strain (γy), Gp, R0, and ηs.  V* is the slip velocity in the 
region 1 < τ/τy < 1.5, where slip velocity is not a function of shear rate (Meeker et al., 
2004a).  They also suggest that the (Gp/Go)1/3 term is approximately equal to 1 for their 
colloidal microgel suspensions.  However, this does not seem reasonable as G0 is variable 
with phase volume, independent of Gp. 
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Meeker et al. (2004b) suggest that the wetting properties of the surfaces have little 
influence on slip due to qualitatively similar results measured using smooth polymer, glass 
and metallic plates. However Seth et al. (2008) investigate this further, showing that at low 
applied stresses (τ < τy) the slip layer thickness can be decreased when the surface is 
designed to be either attractive or repulsive to the particular colloidal microgels under 
investigation.  They modify equation 2.31 by incorporating particle-wall interactions and 
they show that; for attractive interactions, slip velocity increases with the square of the 
shear stress; for repulsive interactions, the velocity is proportional to the applied shear 
stress (Seth et al., 2008). 
 
2.5.1 Slip During Oscillatory Shear 
Slip during oscillatory shear is as important as that occurring in steady shear particularly to 
ensure no slip artefacts are present in reported results.  Yoshimura and Prud’homme 
(1988b) show that if wall slip is present in steady shear measurement then it will also be 
present in oscillatory measurement for the same system; this is the case even in the linear 
viscoelastic region (LVR).  They show differing waveforms where slip is present in either 
equilibrium or non-equilibrium cases, however these waveforms can also be produced by 
non-linear properties of the fluid, such as yielding behaviour, without slip.  Despite the fact 
that evidence of slip can be seen, slip velocity cannot be calculated from oscillatory tests 
and hence must be eliminated before data can be interpreted correctly (Yoshimura and 
Prud'homme, 1988b).  In Small Amplitude Oscillatory Shear (SAOS) slip has little effect on 
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the result and is rarely mentioned.  However, with recent interest in large amplitude 
oscillatory shear (LAOS), where large deformation can induce slip, identifying its presence 
during oscillatory measurement is critical to ensure results are valid or at least interpreted 
correctly.  LAOS may also be useful as it has been suggested that the presence of slip can 
be identified from a single measurement with the presence of second order harmonics 
indicating slip is occurring. 
 
LAOS is an emerging area of interest in rheology as it is useful to probe viscoelastic 
behaviour of suspensions beyond the linear region using out-of-equilibrium measurements 
rather than the equilibrium value found using steady shear.  During LAOS the material 
response is out-of-equilibrium as the material is periodically returned to the same state of 
deformation without necessarily having time to relax (Mohan et al., 2013).  LAOS can give 
information about suspension microstructure, elastic relaxation times and by varying strain 
and frequency independently can allow access to a wide range of measurement conditions 
(Hyun et al., 2011).  At large strain, G’ and G” have no physical meaning and require a 
more detailed analysis to give meaningful values.  There are several methods for 
analysing the non-sinusoidal output from LAOS measurements including the earliest 
methods of Fourier transform, and stress waveform analysis to the more recently proposed 
stress decomposition method with or without use of Chebyshev polynomials.  These 
methods are discussed in detail by Hyun et al. (2011) in their comprehensive review of 
LAOS and will not be covered in detail here.  Instead, the interpretation of slip in LAOS is 
discussed, in particular the reliance on second and higher order harmonics to identify the 
presence of slip. 
 
Where inhomogeneous flows such as wall slip, elastic instabilities or secondary flows are 
present during LAOS the assumptions required to calculate meaningful G’ and G” values 
are violated (Hyun et al., 2011), making it all the more important that the presence of slip 
can be identified.  Analysis of the stress harmonics and identification of even harmonics 
can indicate the presence of inhomogeneous flows, with wall slip considered to be the 
most likely (Hyun et al., 2011).  Even harmonics should not be seen where the assumption 
holds that the sign of the shear stress changes as the direction of shear changes.  
Yoshimura and Prud’homme (1988b) showed, using their mathematical simulation, that 
the presence of non-linear waveforms and second harmonics in oscillatory shear 
measurements was not necessarily an indicator of slip.  They showed that in cases where 
the slip layer thickness remains constant with shear rate the wave forms are sinusoidal 
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containing no higher order harmonics (in SAOS).  Only where the slip layer varies with 
shear rate or with both rate and time (non-equilibrium) do non-sinusoidal waveforms 
appear.  Graham (1995) obtains a similar, although less specific, result suggesting that 
suspensions must be both viscoelastic and show wall slip before the appearance of 
second harmonics.   
 
Despite the clear evidence in this early literature and reiteration in recent publications - 
that absence of even harmonics does not necessarily mean the absence of slip (Ewoldt et 
al., 2010, Hyun et al., 2011); the presence or absence of even harmonics is still commonly 
used as a defining parameter (Renou et al., 2010, Ozkan et al., 2012).  More recent work 
has been carried out investigating wall-slip during LAOS in a variety of suspensions.  Li et 
al. (2009) show that when edge fracture is eliminated from their polymer melts then the 
even harmonics they previously observed, and thought to be due to slip, are also 
eliminated.  Atalik and Keunings (2004) model the response of viscoelastic fluids with a 
no-slip boundary condition to show that even harmonics can occur when there are 
secondary flows.  These recent studies further reinforce the previously published 
conclusion that even harmonics can arise during a range of inhomogeneous flows - not 
only in slip events - and that slip events are not uniquely identifiable from harmonic 
analysis.   
 
Lissajous-Bowditch (L-B) curves are a common method for qualitatively interpreting the 
results of LAOS tests from either Fourier-Transform (FT) or Chebyshev analysis (Ewoldt et 
al., 2010).  The stress waveforms can be replotted as stress against strain (elastic L-B 
curve) or stress against strain rate (viscous L-B curve) (Ewoldt et al., 2010, Hyun et al., 
2011, Mewis and Wagner, 2011).  On an elastic L-B curve in the linear viscoelastic region, 
where the stress response is sinusoidal, the curves are elliptical as shown in Figure 
2.11(a).  A large non-linear viscoelastic response will result in distortion to the ellipse, for 
example Figure 2.11(b).  However, a small non-linearity cannot clearly be seen and is 
better investigated by looking for the presence of higher order (odd) harmonics.  The 
smaller the volume inside the ellipse the smaller the energy dissipated by the material and 
the closer to a perfect elastic response.  The perfect plastic response is represented by a 
square.  This plastic response is characteristic of many yield stress suspensions, in that 
once they have yielded the elastic response to strain is minimal (Ewoldt et al., 2010).  
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  a     b
 
Figure 2.11 Schematic of two Lissajous-Bowditch curves showing the material response 
to oscillatory shear in: (a) the linear elastic regime; and (b) the non-linear viscoelastic 
response.  
 
 
2.6 Shear Thickening and Shear Structuring in Colloidal and Non-Colloidal Scale 
Spherical Particle Suspensions 
Shear thickening is an increase in viscosity with increasing shear rate, or increasing 
viscosity with time at a constant shear rate, which can result in the transition of a low 
viscosity particle suspension to a more viscous or viscoelastic suspension when sufficient 
shear is applied (Wagner and Brady, 2009, Barnes, 1989).  Microstructural particle 
arrangements are the underlying cause of viscosity increase with increasing shear.  
Although very little is known about the critical shear rate at which shear thickening begins (
γ& t), factors influencing shear thickening appear to be, inter-particle forces (including 
friction, attractive/repulsive), particle deformation and size. 
 
The type of thickening behaviour is a consequence of the particle size, size distribution, 
surface, shape and short range interactions as clusters only form when the hydrodynamic 
or attractive inter-particle forces are larger than the repulsive forces (Wagner and Brady, 
2009, Hebraud, 2009).  Where a suspension is flocculated prior to shearing, shear 
thickening does not occur and shear thinning is observed across a range of shear rates as 
flocs are broken down (Barnes, 1989).  The nature of the suspending fluid (e.g. viscosity, 
salt content or temperature) and the rate and time of deformation also influence the shear 
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thickening behaviour (Barnes, 1989).  Irreversible shear thickening occurs when the 
attractive interactions between particles in clusters are strong enough to maintain cluster 
formation on removal of the hydrodynamic forces (cessation of shear) (Zaccone et al., 
2011).  In some cases, a viscoelastic solid is formed as inter-cluster attractions continue to 
increase after shearing has ceased. 
 
2.6.1 Critical Shear Rate for the Onset of Shear Thickening 
γ& t is a function of the suspension phase volume and particle size (Barnes, 1989).  Shear 
thickening is commonly seen above phase volumes of 50 %, although in the case of 
attractive particles it will occur at lower volume fractions.  At high suspension concentration 
the onset of shear thickening can also be ‘hidden’ by yield stress behaviour, that is the 
yield stress must be overcome before the onset of shear thickening behaviour (Brown et 
al., 2010).  The onset of shear thickening behaviour is dictated by the suspension volume 
fraction in relation to φrcp of the suspension.  This also means that the onset of shear 
thickening is a function of the particle size distribution (Barnes, 1989).  The severity of 
shear thickening is also dependent upon the particle size distribution, with a narrow 
distribution resulting in a steeper viscosity increase (Barnes, 1989).  Particle size strongly 
influences γ& t, for example the onset of shear thickening occurs above shear rates of ~ 10 
000 s-1 for particles of the order of 0.01 µm whereas 100 µm particles thicken above ~ 0.01 
s-1 (Barnes, 1989).  Particle softness also influences cluster formation and rigidity (Brown 
and Jaeger, 2012) and thus the onset and degree of shear thickening.  A transition from 
shear thinning to shear thickening behaviour is often observed in hard particle 
suspensions at high shear rates.  This can be a measurement artefact due to secondary 
flow (Barnes, 1989), hence care must be taken that the Reynolds number is below ~ 100 
when interpreting the rheology data in this region (Davies and Stokes, 2008).   
 
For colloidal suspensions there are two hypotheses commonly discussed.  The first, which 
is the least favoured, suggests that an order-disorder transition occurs at the onset of 
shear thickening.  This is based on the assumption that particles begin to flow in 
streamlines during shear thinning, as shown bottom right in Figure 2.12, but at a critical 
shear rate an instability occurs, particles break out of their layers and become disordered 
allowing them to jam into one another (Hoffman, 1998).  The second hypothesis is that 
shear thickening is caused by 3-dimensional structures forming in suspension from a 
previously homogenous or 2-dimensional structure (Mewis and Wagner, 2011).  These  
transient 3D structures, known as hydro-clusters, shown schematically in the top right of 
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Figure 2.12, form due to hydrodynamic forces and have been shown to be present during 
both gradual increases in viscosity and where a sharp discontinuity occurs (Cheng et al., 
2011).  Despite simulations showing both hypotheses are reasonable (Boersma et al., 
1995, Phung et al., 1996) more recent simulations (Melrose and Ball, 2004) and 
experimental work strongly suggests that transient particle clusters are the underlying 
cause of shear thickening (Cheng et al., 2011, Maranzano and Wagner, 2001).  The 
hypothesis for hydro-cluster formation is most widely supported and is the focus of current 
research into shear thickening of colloidal scale particles. 
 
Figure 2.12 Schematic showing shear stress against shear rate (log-log scale) for particle 
suspensions.  Suggested particle arrangements for Newtonian, shear thinning and shear 
thickening suspensions are shown.  Republished with permission of Brown and Jaeger, 
Through Thick and Thin. Science, 333, 1230-1231 (2011); permission conveyed through 
Copyright Clearance Center, Inc. 
 
In non-colloidal scale suspensions the mechanism of shear thickening has been even 
more difficult to explain.  Even the most commonly cited - discontinuous shear thickening 
of corn starch suspensions - had not been adequately predicted by simulation until very 
recently (Brown and Jaeger, 2012).  Previously, it was most often assumed that the 
mechanism of shear thickening in non-colloidal suspensions was very similar to that of 
particle hydrocluster formation due to an increase in viscous drag forces from particle 
rearrangements during shear (Brown, 2013).  There has been awareness of the effect of 
lubrication between particles on shear rheology for some time.  For example, there was 
discussion by Cates et al. (1998) that at the granular scale particle jamming via a stick-slip 
mechanism could form ‘fragile’ load bearing networks.  Using Stokesian dynamic 
simulations Melrose and Ball (2004) demonstrated that interparticle forces, including 
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lubrication, within hydroclusters of colloidal particles dictate the type of shear thickening 
response of the bulk suspension.  Despite this recognition only the most recent simulations 
include frictional forces between particles under shear (Seto et al., 2013, Heussinger, 
2013, Fernandez et al., 2013).  With inclusion of these frictional forces, it appears that 
discontinuous shear thickening can be adequately predicted. 
 
2.6.2 Elastohydrodynamic Lubrication Between Soft Particles 
In microgel suspensions and pastes it has been suggested that shear thickening is 
dominated by inter-particle friction which can be predicted from the Elastohydrodynamic 
Lubrication (EHL) model as a function of the particle modulus.  Kalman et al. (2008) 
suggest that the maximum shear rate at which shear thickening will occur can be predicted 
by the theory of EHL of microgels (discussed in relation to slip - Section 2.5).  The stress 
arising from lubrication forces between a solid wall and a particle can be described by: 
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It is assumed that G0 is approximately the same as GP so the right hand side of equation 
2.32 is ≈ 1 (Meeker et al., 2004a).  It should be noted that Kalman et al. (2008) incorrectly 
identify G0 as the particle shear modulus and assumes that G0 and GP are the of the same 
order of magnitude, which is unreasonable as G0 can increase over several orders of 
magnitude with increases in suspension phase volume for particles of identical GP. To 
describe the stress between two particles the plate velocity over plate radius (VPlate/RPlate) 
term is replaced by the shear rate ( γ& ) (Mewis and Wagner, 2011) giving: 
( ) 2121 /Ps/ G)(~ ηγτ &          (2.33) 
Kalman et al. (2008) show PMMA, PVC and PEA particle suspensions shear thickening up 
to a limit predicted by equation 2.33, followed by subsequent shear thinning.  This is not 
convincing as the predicted limit is more than an order of magnitude greater than the 
measured data.  They attribute this to an overestimation of the Gp due to plasticisation of 
the polymers during particle formation.  However, it could be related to the violation of the 
underlying assumptions for the EHL equation of Meeker et al. (2004a): that the model 
applies for microgel suspensions at low shear below the yield stress rather than flowing 
suspensions; and that it is derived for particle - flat surface interaction rather than sphere – 
sphere interactions.  This model would also fail to predict the shear thickening limit if the 
assumption that G0/Gp ≈ 1 is incorrect.  Despite the apparent poor prediction of the model, 
there is experimental evidence for the dependence of shear thickening on particle 
40 
modulus.  Thickening behaviour is not seen in emulsions, which, according to Saiki et al. 
(2008) indicates that: either, the clusters of droplets are not formed; or, that due to droplet 
deformation and surface mobility the clusters do not increase suspension viscosity.  The 
alternative is that in an emulsion droplets are easily deformed reducing the inter-particle 
friction below a limit where shear thickening would occur.  Microgel suspensions 
demonstrate similar modulus dependent behaviour, as shown by Adams et al. (2004) and 
Frith et al. (1999) who show that degree of shear thickening reduces with decreasing Gp.   
 
In some cases, suspensions will increase in viscosity when a constant shear rate is 
applied over time with gradual recovery on cessation of shear. This is termed rheopexy or 
negative/anti-thixotropy (Barnes et al., 1989).  The recovery or relaxation phase is driven 
by Brownian motion and thus only occurs in colloidal scale suspensions (Barnes, 1997).  
In a small number of specific cases including strongly attractive particle suspensions or 
emulsions (Montesi et al., 2004, Osuji and Weitz, 2008, Lin-Gibson et al., 2004), and non-
colloidal scale particles (Fall et al., 2010), the suspension viscosity does not return to its 
original state when shear is removed.  This form of rheopexy without recovery is 
sometimes referred to as shear-structuring.   
 
2.6.3 Shear Structuring 
The most commonly reported type of shear-structuring occurs where rolled structures form 
between parallel plates during shearing (Montesi et al., 2004, Lin-Gibson et al., 2004, 
Osuji and Weitz, 2008).  Using attractive emulsions (Montesi et al., 2004) and attractive 
carbon black particles (Osuji and Weitz, 2008) it has been shown that transient cylindrical 
flocs form perpendicular to the direction of shearing.  This phenomenon was also shown to 
occur with anisotropic nanotubes (Lin-Gibson et al., 2004).  Suspensions were shear 
thinning at low shear followed by either: a plateau region where no shear thinning or 
obvious shear thickening was observed.  All of these structures eventually broke into 
clusters at high shear.  Montesi et al. (2004) use rheological measurements and 
microscopic observations of their attractive emulsions under shear to show that formation 
of cylindrical flocs also corresponded to the onset of negative N1 (see Section 2.6.1).  They 
suggest that this negative value is a result of constraining the flocs between plates causing 
them to elongate.  Despite the range of systems in which this phenomenon is observed 
they all contain attractive particles or droplets.  The structure build up has been observed 
using light microscopy for micron scale particles and it can also be observed using Small 
Angle Light Scattering (SALS) for colloidal scale particles where structure formation is 
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observed as a distortion in the scattering pattern (Pignon et al., 1997).  Particle structure 
development can occur on cessation of shear where attractive particles have been brought 
into close contact or in the case of thixotropic behaviour where suspension structure is 
restored to that of the suspension prior to shearing by Brownian motion (Barnes, 1997). 
 
Shear structuring has been shown to be a result of both intrinsic material properties and 
suspension flow conditions.  Shear structuring was observed using magnetic resonance 
imaging for both colloidal scale particles (Ovarlez et al., 2013) and non-colloidal (Fall et al., 
2010).  The colloidal scale particle suspension of attractive carbon-black shows a yield 
stress and classic rheopectic behaviour with structural relaxation on cessation of shear.  
This is predicted quantitatively using a simple constitutive model incorporating structure 
formation, described by the stress as a function of particle interactions, and 
hydrodynamics (Ovarlez et al., 2013).  A key feature of this colloidal scale suspension is 
that relaxation occurred with time due to Brownian motion.  It can be said that this 
rheopectic behaviour is an intrinsic material property unlike the structure formation shown 
by Osuji and Weitz (2008) for attractive carbon black particles, where rolled structures 
were formed in a narrow gap couette.  Fall et al. (2010) have shown geometry dependent 
shear induced structuring in suspensions of non-colloidal (40 µm, polystyrene) beads.  
When shear is applied to this suspension in the wide gap couette geometry an irreversible 
shear thickening is seen which is a result of sudden, shear induced, particle migration.  
This unexpected migration was shown to be a result of enhanced migration kinetics in the 
regime where particle inertia dominates over viscous forces, when particles approach 
maximum packing. 
 
Another form of shear-structuring is capillary bridging, which has been shown to occur 
where a small volume of an immiscible phase forms bridges between particles or droplets 
(Koos and Willenbacher, 2011).  Pendular bridging occurs where the immiscible phase 
preferentially wets the particles, as occurs where a small volume of water is added to 
granular media.  Where the immiscible fluid does not preferentially wet the particles they 
are still able to agglomerate through capillary forces.  Both pendular and capillary bridging 
between particles causes aggregate formation and an increase in effective phase volume 
leading to an overall increase in viscosity (Butt, 2011).  Very high shear or vibrations are 
required to break these aggregates which would explain why they remain after shearing.  
Capillary bridging can occur with very small volumes of the immiscible phase - weight 
percentage of the total of around 0.5 % (Koos and Willenbacher, 2011).   
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2.6.4 Normal Stress and Dilatancy 
Normal stresses are tensile or compressive stresses acting perpendicular to the solid 
plane which can best be represented for a solid cube using a 3 by 3 matrix as shown in 
Figure 2.13 where τ11, τ22, τ33 are the normal stresses.  Negative values are used to 
describe forces acting inwards (compressive) which in parallel plate geometry would be 
the plates being pulled closer together and positive values describe the forces acting 
outwards (tensile) (Steffe, 1996).  The first (N1= τ11-τ22) and second (N2 = τ22-τ33) normal 
stress differences are needed along with the shear stress to completely describe the 
stress in a material.  Steffe (1996) makes the general statement in reference to food 
products that “measurement of N2 is difficult; fortunately, the assumption that N2 = 0 is 
usually satisfactory”.  This statement must be treated with extreme care as N2 has been 
shown to be significant in specific situations: with liquid crystal polymers (Larson, 1999); 
and with low Peclet number colloidal hard sphere suspensions (Lee et al., 2006).  
 
Figure 2.13 3 x 3 cube showing the direction of the stress tensors τ11, τ22, τ33, where τ11 is 
in the direction of fluid flow. 
 
There is very little literature on normal forces of concentrated suspensions, partly due to 
the difficulty measuring N1 and particularly N2.  However, it is known that positive normal 
forces are present during dilatant behaviour.  Normal forces that are measured must be 
analysed with caution, as measurement artefacts such as material being forced from the 
gap, flow instabilities and slip can affect N1 (Larson, 1999).  For example, Jomha and 
Reynolds (1993) presented a change in slope of N1 at high shear rate as an intrinsic 
material property, independent of the measuring geometry, while also stating that the 
material in this region had started to migrate from the gap, which is misleading.  Laun 
(1994) investigated the geometry dependence in relation to the stress difference from the 
centre to the outside of the plate in parallel plate geometry.  It was shown that only a small 
fraction of the sample at the edge of the plate needed to be above γ& t to give the negative 
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normal force values equivalent to those measured using the cone and plate geometry in 
the shear thickening regime.   
Negative normal stresses in particulate suspensions have been found in several systems, 
however, the phenomenon is yet to be fully explained.  Lee et al. (2006) found that the 
sign of N1 changes from positive to negative above τc, for their hard Brownian particles.  
This change in sign did not occur at τc as had been presented previously for non-Brownian 
hard sphere suspensions, but at a higher stress which they suggest is due to the additional 
repulsive inter-particle forces present.  Lee et al. (2006) used Stokesian dynamic 
simulations to predict that any repulsive force between particles will give negative values 
for both N1 and N2.  They also state that particle shape and energy required for 
deformation of the particle overall and/or in a particular direction will affect N1.  For 
biopolymer gels it is suggested by Chen et al. (2010) that negative N1 values can be 
explained by the deformation of protein filaments where it requires less force to compress 
than to stretch them.  Larson (1999) suggests that as N1 values are negative for both 
shear thickening suspensions of electrically charged spherical particulates and for rod 
shaped liquid crystals, that the particles are no longer spherical but have deformed or 
aggregated to form rod or disk shapes. 
 
 
2.7 Literature Review Summary and Scope for Future Work 
In summary, it is known that suspension rheology is dependent primarily on particle phase 
volume.  There are well defined models predicting viscosity as a function of phase volume 
for hard sphere suspension behaviour up to the maximum packing fraction.  The main area 
of contention lies in defining the volume fraction at which maximum packing occurs as it is 
commonly reported to be between φm = 0.58 and 0.64 for monodisperse hard spheres from 
experiment, theory and simulation.  The most readily defined point for maximum packing, 
and most commonly achieved experimentally, is the geometric random close packing 
fraction at φrcp = 0.64.  φrcp can be defined from theory and reliably measured for both 
mono and polydisperse hard sphere suspensions. 
 
Soft sphere suspension rheology has been widely studied for a range of colloidal scale 
microgel suspensions.  However, there are 3 limitations with these model systems: 
1. Particle volume fraction is a function of suspension concentration and environment 
(e.g. temperature and pH) as these synthetic polymer colloidal particles swell and 
shrink based on suspension conditions; 
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2. Particle modulus is difficult to define accurately as it is dependent on degree of 
particle swelling; and 
3. Colloidal scale microgels have a poorly defined boundary allowing: movement of 
surrounding fluid into and out of the particle structure; and the potential for inter-
particle penetration at high volume fraction. 
The majority of literature for microgel suspensions has been focussed only on the viscous 
region where hard sphere models are successfully used for soft sphere suspensions up to 
close packing.  Above φrcp there are few models available for close packed soft spheres.  
The model of Evans and Lips (1990), based on statistical mechanics and Hertzian particle 
interaction, has been shown to be applicable to Sephadex microgels.  Although the model 
suggests that the suspension modulus is dependent on particle modulus the experimental 
system does not prove this as microgel particle modulus is dependent on the volume of 
solvent within the particle which is dependent on suspension concentration.  Adams et al. 
(2004) used agar microgels to investigate the dependence of suspension modulus on 
particle modulus and found the Evans and Lips model did not adequately predict this 
relationship.  Instead, they developed their own empirical model.  Neither Adams et al. 
(2004) or Evans and Lips (1990) are able to conclusively determine the effect of particle 
modulus on suspension rheology above random close packing fraction. 
 
As a result of this review it is evident that the majority of the existing work is carried out 
exclusively in either the viscous or the concentrated regime, above or below close packing, 
and does not investigate the transition from liquid-like to solid-like behaviour for particles 
with a well-defined modulus or phase volume.  In this thesis soft spheres of known moduli 
are used to overcome the limitations of colloidal scale soft spheres.  The agarose soft 
spheres used here are non-colloidal scale and non-interacting with a well-defined 
boundary that is not affected by osmotic de-swelling or environmental factors such as pH.  
Using these well-defined microgels allows the influence of particle modulus to be 
determined above and below close packing and allow investigation into the nature of the 
transition from liquid-like to solid-like rheology.  The particle and suspension microstructure 
strongly influences the macro-scale rheology in dilute suspensions and to an even greater 
extent in densely packed suspensions.  The suspension microstructure is affected by a 
number of factors including: particle modulus; particle size and size distribution; particle 
interactions and suspending fluid rheology.  Rheological measurement and analysis will 
also include particle depletion (slip) and shear thickening behaviour which is often 
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overlooked or eliminated.  As a result of this thesis predictive capability will be developed 
for the rheology of suspensions of soft spheres as a function of particle modulus and 
phase volume.      
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Chapter 3 
Research Methodology 
 
 
3.0 Introduction 
The following chapter presents the experimental techniques for making and characterising 
microgel suspensions used in this study.   
 
To achieve the central aim of this research, which is to elucidate the role of particle 
elasticity on the rheology and flow of soft particle suspensions, suspensions of 
polysaccharide agarose microgel spheres in water have been used as a model system.  
The particles are non-colloidal, of the order of 10 µm in size, to avoid Brownian motion and 
long range surface attractions.  The key characteristic of these microgels, essential to this 
thesis, is the ability to manufacture spheres of varying moduli simply by varying the 
concentration of agarose within the particle.   
 
In the literature most suspensions are measured either in the viscous or in the 
concentrated regime, rarely in both regimes.  Here, suspensions of agarose microgels will 
be investigated from very low to very high φ.  The region of particular interest is located 
between the viscous and concentrated regimes, around the maximum packing fraction.  In 
this region large changes in suspension viscosity and modulus can be seen with only a 
very small change in phase volume.  To ensure this detail is captured a large number of 
measurements have been taken across a small phase volume range on either side of φm.   
 
Models for viscosity as a function of phase volume and suspension modulus as a function 
of phase volume have been found in literature and applied to the experimental data.  To 
determine the usefulness of each model in predicting the rheology as a function of phase 
volume the number of free fitting parameters is minimised by determining these 
parameters independent of the rheological measurement. 
 
To validate the analysis on the rheology of agarose microgel suspensions as a function of 
phase volume, Poly(methyl methacrylate) (PMMA) beads are used as model hard sphere 
suspensions while CarbopolTM is used as a commercially available and industrially relevant 
microgel for comparison.  
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To characterise the influence of suspension microstructure, particle size and structure 
analysis is carried out using static and dynamic light scattering as well as phase contrast 
light microscopy and confocal microscopy.   
 
Suspension rheology theory and techniques are explained with a description of oscillatory 
and steady shear rheology and equipment used for measuring these.  A key assumption in 
this work is that the particle softness (modulus) is equivalent to the shear modulus of an 
agarose gel disk measured using oscillatory rheology in the rotational rheometer.  The 
suspension microstructure is investigated during shear on a rotational rheometer with in 
situ small angle light scattering (SALS) and light microscopy (Rheoscope). 
 
This chapter also includes a detailed error analysis for the key measurement techniques. 
 
 
3.1 Agarose Microgels 
3.1.1 Agarose Properties  
Agarose has been chosen as a model polymer for making microgels because it does not 
swell in the presence of excess water, is simple to use due to its high melting point, and 
the fact that it carries only a small surface charge (Burey et al., 2008).   
 
Agarose is a gelling biopolymer extracted from red seaweeds. It is the backbone structure 
for the commonly used agar, but considered to be sulphate free and consist of chains of 
alternating β-1,3-linked-D-Glactose and α-1,4-linked 3,6-anhydro-L-glactose (Burey et al., 
2008), as shown in Figure 3.1.  Agarose gel formation occurs by forming a double helix 
with subsequent aggregation of the helices upon cooling from above 85°C to below 35°C.  
The gelation rate is thought to be limited by the aggregation step whereas melting, which 
occurs at around 85°C, is thought to be limited by the aggregate-helix transition (Burey et 
al., 2008, Normand et al., 2000).  Agarose is: hydrophilic; chemically and electrically 
neutral; and will not swell or shrink in excess water at room temperature (Normand et al., 
2000, Burey et al., 2008, Lips et al., 1988).  The gel particle modulus can be altered by 
adjusting agarose concentration and/or molecular weight of the agarose used, affecting 
number and the functionality of cross-links, to produce a hard or soft gel (Normand et al., 
2000).  Lips et al. (1988) showed that these gels fit the classical model of rubber elasticity, 
with minor modification and an assumption of permanent cross-links being formed.  The 
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key parameters of the agarose for this application are its sulphate content and gelling 
point.  The sulphate content of the agarose is a measure of its purity and is important as 
sulphate groups affect the charge carried.  The agarose used is low electroendosmosis 
(EEO); this term refers to the removal of the dissociable counter-cations that affect gel 
electrophoresis results and surface charge.  The Zeta potential of these agarose microgels 
was found to be -33.3 mV (0 ± 10 mV is considered neutral), which gives a Debye length 
of 300 nm in water, sufficient to prevent particle aggregation.  Agarose and the other 
materials used for microgel suspensions and reference suspensions along with their grade 
and source are summarised in Table 3.1.  A key feature of agarose microgels is their 
discrete boundary and homogenous network structure.  That is, they do not interpenetrate, 
are not core-shell particles and are well defined spheres.  This was shown for agar 
particles by Adams et al. (2004) using TEM, as shown in Figure 3.2. 
 
Figure 3.1 Unit of agarose, molecular weight 306 g/mol. Reprinted with permission from 
Normand et al. Copyright (2000) American Chemical Society.  
 
 
Figure 3.2 TEM image of an entire 5 wt % particle Reprinted with permission from 
Adams et al. Copyright (2004), The Society of Rheology.  
 
3.1.2 Agarose Microgel Manufacture 
Agarose microgels were manufactured following an emulsion-gelation route similar to that 
used by Adams et al. (2004).  Agarose solutions were prepared by adding agarose at a 
concentration of 5, 4, 2.5, 1.5 or 0.5 weight % to water purified by Reverse Osmosis (RO) 
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(refer to Table 3.1 for details), containing 0.02 % sodium azide and heating to 95 °C for 30 
minutes while stirring.  The agarose solution was allowed to stand without stirring for 5 
minutes to allow air bubbles to escape.  A water-in-oil emulsion was formed by adding the 
agarose to sunflower oil at a weight ratio of 30:70. To promote formation and stability of 
the emulsion during the process, 1 weight % polyglycerol polyricinoleate (PGPR) was 
added to the oil phase; either Kemerol Rik or Admul WOL at 80 °C is used (both giving 
comparable results).  The mixture was homogenised using an IKA Ultra Turrax at 80 °C 
and 12000 rpm for 12 minutes to allow an equilibrium particle size to develop.  The 
emulsion was quenched by placing in an iced water bath to gel the aqueous phase while 
stirring at 300 rpm for 2 hours to prevent aggregation and coalescence.  Agarose 
microgels prior to filtering are shown in Figure 3.3. 
 
The spherical particles produced were separated from the oil phase by five cycles of 
centrifugation (8000 rpm for 40 minutes) and washing with RO water and an added 
surfactant, Tween 60, to destabilise the emulsion.  It was found that Tween 60 was difficult 
to remove from the suspension, often requiring additional washes before the suspension 
was free of foam.  In later batches, ethanol was used in place of the Tween 60 and was 
found to reduce the time required to separate microgels from oil.  Microgels were filtered 
through a 20 µm mesh using a Buchner filter and flask under vacuum to remove any large 
particles; this gave an average particle size of approximately 5-10 µm for all agarose 
concentrations.  Microgel suspensions were made to known wet weight percentages from 
1 to 100 % by redispersing the particles in RO water.  
 
 
Figure 3.3  Micrograph of 5 % agarose microgels with an average particle size of 
17.6µm 
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3.2 Reference Fluids 
At various stages in the thesis, reference fluids have been used to ensure accuracy of 
rheological measurements; these include water and silicone oil that are essentially 
Newtonian and non-Newtonian Carbopol gels.  The water is a highly pure grade of RO 
water with a resistivity 18.2 MΩ*cm (details listed in Table 3.1).  The kinematic viscosity of 
the silicone oils used range from 10 to 30000 cSt (as specified by the manufacturer).  
 
Table 3.1 Summary of materials used for microgel suspensions and model fluids 
including supplier and details of purity/grade. 
Material Supplier Details 
Agarose Sigma-Aldrich Type I-A, Low EEO (0.09-0.13),  
purity - sulfate (SO42-): ≤ 0.15 %  
gel point 36 °C ±1.5 °C 
Sunflower oil Crisco 
Cootamundra oilseeds 
Food grade oil 
Sodium azide  Sigma-Aldrich 99.5 % 
Stock solution diluted to 1% in RO 
Water 
Admul WOL Kerry Bioscience  Polyglycerol polyricinoleate (PGPR) 
Kemerol RIK APS Food Ingredients Polyglycerol polyricinoleate (PGPR) 
Tween 60 Sigma-Aldrich Polyoxyethylene-20 sorbitan 
monostearate 
Ethanol University Chemstore 99 % 
Chloroform Merck 99.8% 
Filter Mesh Spectrum Nylon mesh  
100 µm, 50 µm and 20 µm pore size 
Reverse Osmosis 
(RO) Water  
Sartorius Stedium RO Unit De-ionised water passed through a 
RO unit to resistivity 18.2 MΩ*cm 
Silicone Fluid ESCO Polydimethyl siloxane 
10 – 30000 cSt 
Carbopol 934 Lubrizol Polyacrylate polymer  
< 2 % moisture,  
<0.5 % benzene 
PMMA Beads Cospheric Nominal size 5 – 27 µm 
Particles in Size Range: >90% 
Sphericity: >99% 
Density: ~1.2g/cc 
 
Carbopol 934 (Lubrizol) is a cross-linked-polyacrylic acid microgel (Carnali and Naser, 
1992) that swells at neutral pH in excess solvent.  These are highly polydisperse microgels 
which are roughly spherical with a particle size from 5 to 12 µm (Davies and Stokes, 
2008).  Carbopol is a useful model soft particle suspension because it is commercially 
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available, displays soft solid behaviour at high concentrations when it is in the swollen 
state and these systems are relatively non-thixotropic.  Carbopol is dispersed in water and 
neutralised from pH 2.5 to pH 7.8 by adding appropriate amounts of triethanolamine 
(Sigma).  These soft particle suspensions display a range of rheological behaviours 
depending on the exact composition.  For example, Carbopol 934 in water at 0.15 weight 
% neutralised with 0.2% triethanolamine gives a shear thinning fluid whereas 0.5 % 
neutralised with 1% triethanolamine gives fluid displaying a yield stress.  PMMA beads 
with a density of 1.2 g/ml, were used as a model hard sphere suspension.  These were 
dispersed in 12500 cSt silicone oil at a known weight percentage.  Suspension phase 
volume was calculated using the particle and solvent (0.975 g/ml) densities. 
 
 
3.3 Particle Size Measurement 
Particle size measurement was carried out using low angle laser light scattering with a 
Malvern Mastersizer 2000.  This technique passes a laser light at a wavelength of 600 nm 
through the sample and measures the angle of the scattered light on a photosensitive 
detector.  The particle volume is then calculated using Mie theory, which requires the 
refractive index of both the solvent and particle to be known (Rawle, 2010).  Particles were 
modelled as spheres and a variable refractive index was used dependent upon agarose 
concentration, according to Jain et al. (2012) who found a refractive index of 1.334 and 
1.336 for 1.5 % and 2 % agarose gel respectively.  Refractive indices for other 
concentrations can be calculated following their finding that refractive index changes by 
0.001 for every 0.5 % change in agarose gel concentration.  The Mastersizer 
measurements were used to visually compare particle size distributions as well as 
comparing numerical values for the mean particle size (d0.5), the surface weighted mean 
(d3,2) and the volume weighted mean (d4,3). 
 
Particle size was also measured using dynamic light scattering (DLS) on an ALV/CGS3 
Compact Goniometer System equipped with a He-Ne laser emitting at 632.8 nm.  DLS 
measurement involves passing light through the sample and collecting the scattered light 
in a speckle pattern.  This speckle pattern is created because particles behave as slits 
diffracting light differently dependent on their size and movement.  In DLS light is collected 
at several angles (θs) (in this case 5 angles were selected) by rotating the detector around 
a glass cuvette containing approximately 3 ml of the dilute microgel sample.  Photoelectric 
pulses are counted over sampling time intervals of a defined width and at a delayed (lag) 
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time.  The direct and delayed time results are multiplied and the products summed (ALV-
Laser Vertriebsgesellschaft, 1993).  An autocorrelation function g2(t) is calculated using an 
ALV-Multiple Tau Digital Correlator (ALV-LSE 5004): 
1
)0(I
)tt(I)t(I)t(g 2 i2 −
+
=         (3.1) 
Where the acquisition time step (ti) can vary from 25 ns to 3435.9 s.   
 
The average particle size and polydispersity is calculated from the light scattering pattern 
using cumulant analysis for simple monomodal dispersions or using the more complex 
Contin method for non-monomodal distributions (Weitz, 2013).  The Contin method is 
applied to these highly polydisperse agarose microgel suspensions to extract a time 
distribution from g2(t) through an inverse Laplace transform.  The characteristic time 
(obtained for a given θs) is plotted as a function of the wave vector (q):  
2
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The graph )q1(ft 2i =  is a straight line of slope 1/Di where )qD1(t 2ii = , where Di is the 
diffusion coefficient of the suspension (Pellet and Cloitre, 2013). Once Di is known, the 
hydrodynamic radius Rh of the microgel particles can be deduced by assuming Brownian 
motion and applying the Stokes-Einstein equation: 
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3.4 Moisture Determination 
Two methods, vacuum oven and moisture balance, were used for determining moisture 
content of the microgel suspensions.  The vacuum oven method involved weighing the 
sample into a foil tray.  Note that, the balance used was accurate to 4 decimal places.  The 
minimum sample weight required for an accurate result was approximately 5 g due to the 
low solids content of the suspension.  The samples were carefully transferred to the 
vacuum oven which was run at 60 °C overnight to ensure sample drying was complete.  
The oven was turned off and samples allowed to cool before they were removed from the 
oven and weighed.   
 
The A&D MX-50 halogen moisture analyser is a faster method for determining final 
moisture content as samples can be dried at a higher temperature using the 400 W 
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halogen lamp as a heat source.  The wet sample is placed on the foil pan, with the 
required sample weight of 5 - 10 g for microgel suspensions of dry weight < 5 %.  The 
halogen lamp heats the sample to a temperature of 150 °C and the final moisture content 
is calculated when weight change is < 0.01 g. 
 
The two methods for moisture determination were compared for Carbopol Microgel 
suspensions with less than 2 % dry solids content. The difference in the solids content 
measured between the two methods was found to be less than 0.3 %.  Carbopol 
suspensions were used for replicate measurements in each method to determine the error 
within each measurement method with the moisture balance giving a slightly higher 
standard deviation at 0.05 compared to the oven of 0.02, results are shown in Table 3.2.  
Although, this analysis suggests that either of these methods is suitable, with less than 5% 
error on dry weight, the oven method was more reliable for both extremely low and high 
dry weight samples with only 1.2% error, evidence of this is given by the ‘Carbopol 3’ 
sample in Table 3.2 where no result was recorded due to failure of the balance to reach a 
final result.  Therefore, the oven drying technique was used throughout this thesis. 
 
Table 3.2 Comparison of three measurements of a Carbopol microgel sample in the 
oven and three in the moisture balance.  NR = No result where the moisture balance could 
not report an equilibrium moisture content. 
 Balance (%) Oven (%) 
Carbopol 1 0.94 1.24 
Carbopol 2 1.01 1.23 
Carbopol 3 NR 1.21 
Average 0.975 1.23 
Std Deviation 0.05 0.02 
Error 5.1% 1.2% 
 
 
3.5  Rheology  
The majority of the rheological measurements were carried out on the Haake Mars 3 
stress controlled rotational rheometer.  A schematic of this type of rheometer is shown in 
Figure 3.4.  Torque is applied by a drag cup motor consisting of a magnetic field which 
rotates around a copper or aluminium cup supported by an air bearing; the rotational 
displacement is measured using an optical encoder (Macosko, 1994). The stress 
controlled rheometer can be operated in strain controlled mode, however, this is less 
accurate as it relies on feedback through the sample to adjust the motor torque to the 
required shear rate.  The Haake Mars 3 is designed to operate in the range 5x10-8 Nm to 
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0.2 Nm (ThermoScientific, 2009) the limits are due to inaccuracies in the air bearing at 
minimum torque and heating of the motor at maximum torque.  The rheological 
measurements investigating both slip and shear thickening (Chapters 7 and 8 respectively) 
were carried out on the stress controlled rotational rheometer MCR 501 from Anton Paar.  
Although this rheometer is stress controlled it has a short response time in strain controlled 
mode as is has a synchronous motor design.  Permanent magnets on a rotor disc provide 
a continuous magnetic field and thus there is little delay in the feedback loop for strain 
controlled operation (Houel, 2006).   
 
Figure 3.4  Schematic of the Haake Mars 3 stress controlled rheometer.  
(ThermoScientific, 2009) 
 
Cone and plate geometry is usually used for steady shear measurement as it gives the 
same shear rate ( γ&  in s-1) across the diameter of the plate, given by equation 3.4 where Ω 
is angular rotation (rad/s) and θ is cone angle (Steffe, 1996).  Equal shear rates across the 
gap are particularly important for non-Newtonian fluids where behaviour is shear rate 
dependent. Shear stress is also constant across the gap giving equation 3.5 for stress (τ in 
Pa) from the measured torque (M in Nm) and the plate radius (RPlate in m). 
θ
Ω
=γ
tan
&
          (3.4) 
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Cone and plate geometry has the disadvantage of a small gap between the tip of the cone 
and the bottom plate making it unsuitable for suspensions containing 5-10 µm particles or 
greater as they jam in this gap causing measurement errors.  Parallel plates eliminate this 
problem and also allow measurements at a range of gaps and with variable temperatures 
as gap can be adjusted to compensate for thermally induced changes in the geometry.  
However, there are disadvantages with parallel plates. 
 
For parallel plates shear rate is not constant across the plate with the fluid at the outer 
edge experiencing larger shear rates than at the centre, given by equation 3.6.  The 
equation for shear stress for Newtonian fluids is shown in equation 3.7.  This equation is 
applied for all fluids and the viscosity calculated from equation 3.8.  The non-Newtonian 
form of the equations is not used as the viscosity of interest is in the Newtonian plateau 
region. 
h
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3.5.1  Steady Shear 
On the Haake Mars III, parallel plate geometry (60 mm or 35 mm diameter) was used for 
steady shear measurements, with titanium plates: smooth; sandblasted to a roughness of 
1.8 µm; or coated with sandpaper.  Temperature was held constant using the Haake Mars 
Peltier controlled element.  Gap between the plates was set between 1 mm and 0.3 mm as 
required.  The gap was zeroed at a force of 4 N to overcome the normal forces that arise 
due to the squeeze flow of air at a finite gap when zeroing the plates (Davies and Stokes, 
2005).  The small normal forces from squeeze flow of air result in an apparent zero gap of 
10 to 14 µm greater than the zero point at 4 N applied load for a 35 mm diameter parallel 
plate.  Gap error (ε) was calculated by measuring 1000 cSt silicone oil at gaps (h) from 
800 to 50 microns, plotting h/η against h to give an gradient of 1/η and intercept of ε/η. 
Measured viscosity can then be corrected for gap error using equation 3.9 (Davies and 
Stokes, 2008) and applying a non-linear least-squares regression method recommended 
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by Kravchuk and Stokes (2013).  Using Microsoft Excel Solver, the sum of the residuals 
∑(ηmeasured – ηactual)2 is minimised by adjusting ηactual and ε. 
 
When loading the sample edge trimming was found to be important with under-filling 
causing significant errors, overfilling was not as significant due to the lip design on the 
bottom plate of the Haake Mars, although for viscous or elastic fluids errors are more 
significant.  The edge of the sample was coated with low viscosity silicone oil to prevent 
drying on the exposed surface.   
 
Step shear measurements were used in most cases using the gradient function where an 
average of 20 data points was taken at each shear stress when the measurement 
stabilised or at a maximum time of 30s.  To ensure results were not influenced by inertia 
Reynolds number (Re) was calculated using equation 3.10.  Re
 
equal to 100 was 
considered to be the maximum as above this secondary flow effects need to be 
considered.  Where normal force measurements were made, these were corrected for 
inertial forces (FN,inertia) calculated using equation 3.11, where the magnitude of the normal 
forces is greater than that of the inertial force (Davies and Stokes, 2008). 
h
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On the Anton Paar Rheometer a roughened 25 mm cone or parallel plate (1 mm gap) was 
used in combination with a bottom plate that was either: roughened with 120 grit 
sandpaper; made hydrophobic with ScotchTM,
 
a cellulose acetate based adhesive tape, or; 
made hydrophilic by attaching a silicon wafer. The sandpaper and silicon wafer were 
attached using double sided tape and the Scotch tape was attached directly to the plate 
surface.  Prior to use, the Scotch tape was cleaned with ethanol followed by RO water and 
the silicon wafer was cleaned with water only.  
 
Where viscosity values are fitted to a model, a least-squares approach is applied.  The 
residual error is calculated from the measured value and the model value and Microsoft 
Excel Solver is used to minimise the sum of the residuals by changing the adjustable 
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parameter.  For example, to fit the MPQ model the residuals are calculated from [1- ηr 
(measured) / (1-φ/φm)-2]2 by adjusting φm. 
 
3.5.2 Oscillatory Shear Rheology 
Oscillatory shear measurements were completed for suspensions displaying solid-like 
behaviour and a yield stress.  Viscoelastic fluids (G’ < G”) were measured as were viscous 
fluids where only an apparent G’ was measureable.  The oscillatory shear rheology of 
water was measured with an apparent G’ > G” suggesting solid-like behaviour.  This low 
viscosity fluid was subsequently shown to be outside of the measurable range for 
oscillatory shear rheology in parallel plates as a standing wave can be set up in low 
viscosity fluids which interferes with the result (Schrag, 1977).  Amplitude sweeps were 
completed to determine a stress value which was within the linear viscoelastic region 
(LVR) across the range of frequencies measured.  Frequency sweeps were run at a stress 
within the LVR to determine storage and loss moduli, G’ and G” (Pa), for the concentrated 
microgel suspensions.  The gap error correction was also applied to the G’ and G” values.   
 
On the Anton Paar, oscillatory measurements were completed by running a strain sweep 
from 0.01 to 1000 % with ω = 1 rad/s.  LAOS measurement beyond the linear viscoelastic 
region was carried out on this rheometer.  Raw data for use in determining harmonics and 
for plotting Lissajous-Bowditch curves was collected using the Rheoplus software. 
 
3.5.3 Gel Modulus 
The modulus of the gel disks was determined using parallel plate geometry.  Agarose 
solutions were prepared at 80 °C and poured onto the non-slip (sandpaper) plate surface 
pre-heated to 80 °C.  The plates were brought together to the required gap, the sample 
carefully trimmed and the temperature set point reduced to 25 °C to form a gel.  The gels 
were allowed 5 minutes standing time after the temperature set point was reached.  An 
amplitude sweep was run to determine the linear viscoelastic region at high and low 
frequency followed by a frequency sweep across this range. 
 
 
3.6 Imaging 
3.6.1 Microscopy 
An Olympus BX-40 microscope with phase contrast condenser was used for imaging on 
glass slides.  Phase contrast was essential to ensure that microgels could be differentiated 
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from the surrounding water phase as the high concentration of water within the microgel 
results in a very small difference in refractive index from the surrounding fluid. 
 
Confocal microscopy was used to determine if oil was present in the microgel suspension.  
A Zeiss LSM 710 was used with Nile red (Sigma) (excitation maximum  520) was used to 
stain the oil phase.  The, excitation wavelength was 488 nm with emission wavelength 
dependent on the phase.  Nile red in the oil phase will fluoresce at 500-600 nm. 
 
3.6.2 Rheo-optics 
3.6.2.1 Light microscopy during shear 
To visualise particles during shearing, a rheoscope module for the Haake Mars III was 
used.  This module is based on the principle of reflected light microscopy where a light 
source is situated beneath the bottom glass plate of the rheometer, light is passed through 
the sample during shearing and reflected back from a highly polished stainless steel top 
plate to a Foculus camera below the bottom plates.  This module has been modified from 
the manufacturers design to strobe the light source allowing image capture at high shear 
rates.  The limitation with the rheoscope is that it is difficult to capture images of microgels 
due to their poor phase contrast and only small phase volumes can be used < ~40% 
otherwise samples become opaque. 
 
3.6.2.2 Small Angle light Scattering  
Small angle light scattering (SALS) operates on the same principal as the Mastersizer 
described in Section 3.3.  The SALS rheo-optics accessory for the ARG2 rheometer 
supplied by TA Instruments is used, as shown schematically in Figure 3.5, to investigate 
effect of shear on suspension microstructure.  Small angle scattering offers more 
information about long time and length scale particle movements.  However, at small 
angles error due to slight misalignment of the light source can result in large inaccuracy in 
the results.  To detect the scattered light a CCD camera is used, where each pixel is an 
independent data point, allowing collection of more statistically significant data and hence 
small angles can be used.  A Fourier Transform (FT) of the scattering pattern is carried out 
with the centre of the FT pattern given by the transmitted beam.  The vector from the origin 
of the FT pattern to some arbitrary observation point is the scattering wave vector q where 
q is related to the distance in real space in the sample as per equation 3.2.  Where θs is 
the scattering angle and λ is the wavelength in the medium (Cipelletti and Weitz, 1999).  
The pattern obtained in the Fourier plane can indicate where an anistropic or homogenous 
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structure exists within the sample and how this changes with shear.  The most commonly 
reported pattern resulting from anisotropic structuring is known as the butterfly pattern 
(Pignon et al., 1997).  To ensure the pattern and light intensity of the scattering pattern is 
understood the equipment can be calibrated in comparison to a known suspension of latex 
particles.  Particle suspensions can be measured with or without addition of ~ 0.1% by 
weight of tracer particles.  Example scatter images are shown in Figure 3.6 showing that 
tracer particles make little difference to the appearance of microgel suspensions. 
 
 
Figure 3.5 SALS device for the ARG2 rheometer.  The schematic shows the twin lens 
system, path of the laser and location of the camera sensor. (TAInstruments, 
2013)(TAInstruments, 2013) 
 
(a) 
 
(b) 
 
Figure 3.6 SALS image of a 73% weight concentration microgel paste at shear rate = 
0.2 s-1: (a) with latex tracer particles; and (b) without tracers 
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3.7 Error Analysis 
There are several possible sources of measurement error: moisture content analysis; 
viscosity measurements on the rheometer or in the glass capillary, and errors in particle 
size measurement.  It is important to assess each of these sources of error to determine 
their significance on the measurements taken, on the data from literature and on the 
findings that will be presented in this thesis, particularly Chapters 4 to 6.   
 
The error from moisture measurement can be due to: the sensitivity of the electronic 
balance; poor handling – resulting in sample contamination or loss of dry sample during 
transfer from the oven to the scales; or human error in taking and recording 
measurements.  The second two sources usually result in obvious differences between the 
measured and expected value and so these values can be ignored.  The first source of 
error is more of a concern particularly at low phase volumes where the dry weight is very 
small.  Repeat measurements were carried out using the same suspension on the same 
day and the result was found to be 1.25 ± 0.015 % solids.  This error has no significant 
effect on phase volume. 
 
Viscosity measurement error using a rotational rheometer is commonly accepted in the 
range of 5 to 10%.  Using 36 measurements for water at 25ºC gives a result of 0.846 
mPa.s with an error of 4.96% - within that expected from rheological measurements.  With 
the glass capillary - Ubbelohde tubes - the result is 0.877 mPa.s and error is significantly 
smaller at only 1.4%.  Despite the low error for water, there are two possible problems with 
microgel data from the capillary tubes: (1) Temperature can only be controlled to 25ºC ± 
1ºC; and (2) results for dilute microgel suspensions appear to be offset below those 
obtained using the rotational rheometer which may be due to confinement or attraction 
between the wall and particles.  Error analysis is carried out by keeping the suspension 
viscosity (η) constant and changing the water viscosity (ηs) by ± 5 %.  For 5 % agarose 
microgels this results in a 10.8% difference in k when φ0 is determined using Batchelor’s 
model, as detailed in Chapter 3 and shown in Appendix B.  
 
Significant errors can also occur in suspension rheology due to artefacts such as, particle 
settling or migration.  Boyer et al. (2011) measured the effect of particle migration and 
showed a difference in maximum packing fraction of 5 % for their suspensions of 
polystyrene beads.  Sedimentation or creaming is a problem where the particles and fluid 
are not density matched.  Selecting matrix and particle density to ensure particles do not 
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separate on an experimental timeframe eliminates this source of error.  Particle settling 
was not observed for the microgel suspensions during 30 min time required for the longest 
rheological tests. 
 
Errors in measurement of particle size distribution will have an effect on φrcp.  The most 
likely cause of error in particle size distribution is poor sample preparation (Snowsill, 
2003).  It is seen in agarose microgel samples where the particles remain agglomerated 
and two peaks are visible.  This problem is eliminated by mixing the sample with 
ultrasound to break up the large clumps.  This usually occurs within a few minutes.  
Sample measurements are highly repeatable with < 1 % error (Rawle, 2010) resulting in 
less than 1 % difference in φrcp from Farr and Groot’s model.    
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Chapter 4 
Analytically Predicting the Viscosity of Hard Sphere Suspensions from 
the Particle Size Distribution 
 
 
4.1. Introduction 
The rheology of both colloidal ( 1 µm) and non-colloidal (> 1 µm) hard sphere suspensions 
is of interest to researchers and industry alike.  The region of particular interest occurs as 
particle phase volume approaches maximum packing fraction where suspensions become 
highly viscous.  As highlighted in the Literature Review (Chapter 2), there is still debate 
about the exact phase volume at which the critical point occurs. Nevertheless, it is widely 
accepted that it is dependent on particle size distribution despite the fact that there are few 
predictive models for φm from particle size distribution and even fewer examples where 
these models have been applied.   
 
In monodisperse suspensions, φm is usually defined at one of two points (Mewis and 
Wagner, 2009), either: 
1. at φ = 0.58, which corresponds to the glass transition (φg); or  
2. at φ = 0.64, which corresponds to random close packing (φrcp).   
φg is described thermodynamically by Mode Coupling Theory as the point where a particle 
is only able to relax within a cage formed by its nearest neighbours thus limiting diffusion 
and flow.  In contrast, for suspensions of hard spheres, φrcp is defined geometrically as the 
most consolidated packing achievable by tapping a large container of spheres (Mewis and 
Wagner, 2011).  The experimental approach involving tapping or vibration to consolidate 
spheres to φrcp is a highly repeatable experimental value hence it is widely accepted as a 
defined transition.  In this work φm for hard sphere suspensions is defined as being 
equivalent to the geometric maximum, φrcp, an approach supported by theoretical and 
experimental literature (Quemada and Berli, 2002, Brady, 1993, Mendoza and 
Santamaria-Holek, 2009).   
 
This chapter re-examines experimental data for ‘hard sphere’ suspensions in the literature 
and our own measurements on non-colloidal ‘hard’ agarose and PMMA spheres to show 
that the viscosity of hard sphere suspensions can be theoretically predicted, reasonably, 
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using the MPQ model (equation 2.3) by setting φm = φrcp and independently determining φrcp 
from the particle size distribution.  This hypothesis is tested using literature data that 
presents information on the particle size distribution, including data from highly-cited 
publications on ‘hard spheres’.  The types of systems chosen are detailed in Table 4.3 and 
include: 
1. colloidal spheres (diameter < 1 µm);  
2. non-colloidal spheres; and  
3. suspensions with mono-, bi- and poly-disperse size distributions. 
This approach of using an independently determined φm rather than a fitting parameter 
has, surprisingly, not been addressed previously, at least within extensive review of the 
literature.  It is necessary to validate this approach using hard spheres, before applying the 
model to soft spheres, to ensure that any deviations can be explained and are not ascribed 
to particle softness.  Demonstrating the validity of this approach across a broad range of 
hard sphere suspensions validates the theoretical basis of the MPQ model and provides 
fundamental insight into the relationship of viscosity to particle phase volume.   
 
 
4.2. Materials and Methods 
To produce microgels following the emulsion-gelation methods described in Chapter 3 the 
agarose solutions were made to concentration of 5 wt % agarose, homogenised with 
sunflower oil at 80 ºC followed by gelation by cooling below 35 ºC.  Three batches made 
independently were investigated as each has a slightly different particle size distribution as 
shown in Table 4.1 with calculated value of random close packing from the model of Farr 
and Groot (2009) using equations 2.24 and 2.25 and discussed in detail in section 4.5.1.  
The agarose beads were dispersed in RO water to the desired phase volume.  
Determination of microgel suspension phase volume is covered in detail in Chapter 5. 
 
PMMA beads were dispersed in 12500 cSt silicone oil.  Dispersion was achieved by 
manually stirring the suspensions.  Air bubbles were removed from the suspension by 
placing in an ultrasound bath for 10 minutes.  Suspension phase volume was calculated 
using the particle (1.2 g/ml) and solvent (0.975 g/ml) densities. 
 
Rheological measurements were carried out on the Haake Mars 3 on parallel plates as 
described in detail in Chapter 3.  Sandpaper was used to prevent slip at φ > 0.4. 
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Table 4.1  Particle size distribution for 3 batches of 5% agarose microgels and PMMA 
(Cospheric) suspensions.  φm is calculated by finding the x-axis intercept from the 
linearised MPQ model (only using data where 1/η0.5 > 0).  φrcp is obtained using the Farr 
and Groot model. 
 D4,3 D3,2 σ φm φrcp 
A10 11.07 6.93 0.68 0.73 0.74 
A11 8.09 4.58 0.75 0.73 0.75 
A12 5.34 4.524 0.40 0.69 0.69 
PMMA 22.38 21.31 0.22 0.63 0.66 
 
4.2.1  Error Analysis 
An analysis of measurement related errors is described in Chapter 3.  Errors can also 
arise from the method for determining phase volume, such as the C2 term chosen in 
Batchelor’s equation.  This source of error is thought to be one of the major contributions 
to variability in hard sphere rheology measurement (Royall et al., 2013).  Potential sources 
of error are listed in Table 4.2.  A relative effect on random close packing fraction is 
estimated for: each source of error for the three methods used to determine phase volume; 
for viscosity measurement error and for error in particle size measurement using the 
Malvern Mastersizer (where φ is found using Batchelor’s equation and φm is found by 
mapping to the linear MPQ).  Errors for the two most common methods for determining 
phase volume, Einstein’s and mapping to the freezing transition (described in Section 
2.1.2) have been reported to be 7% for a silica hard sphere suspension (Poon et al., 2012) 
and 6% for PMMA (Royall et al., 2013) respectively.  The contribution to the error by 
incorrect choice of the C2 term in Batchelor’s equation was calculated for 5 % agarose 
microgels to be 10%.   
 
Table 4.2 Anticipated percentage error in the phase volume, viscosity, and particle size 
for agarose microgel suspensions.  Also shown is the consequence of these errors on the 
predicted value of φm obtained by least squares fitting to equation 4.2.   
 
 
Source of Error Method % Error Effect on φm 
Phase volume  
Einstein (Poon et al., 2012) 7% ± 0.04 
Batchelor with C2 = 5.2 or 6.2 10% ± 0.06 
Map to φf (Royall et al., 2013) 6% ± 0.04 
Viscosity 
measurement 
Increase (or decrease) in ηs of 5 % 
at all measured phase volumes
 
10% ± 0.06 
 
Migration (Boyer et al., 2011) 5 % ±0.1 
Particle size (Mastersizer) 5 % ± < 0.01* 
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4.3. Background: Viscosity–Phase Volume Relationships for Hard Sphere 
Suspensions   
In Chapter 2, a number of relationships are presented for describing the viscosity of 
suspensions of hard spheres as a function of phase volume.  In summary:  
1. at φ < 0.05 (highly dilute), Einstein’s equation is appropriate (equation 2.1); 
2. for 0.05 > φ < 0.2,  two-particle interactions occur that are accurately accounted for 
by Batchelor’s model (equation 2.2) 
3. for 0.2 > φ < φm, a range of models have been used for apparently 'accurate' 
predictions, all of which contain the parameter φm that corresponds to the point at 
which the viscosity diverges towards infinite values (equations 2.3 to 2.4 and 2.9 to 
2.11) (Mendoza and Santamaria-Holek, 2009, Krieger, 1972, Quemada, 1977, 
Brady, 1993, Maron and Pierce, 1956).  It is general practice to obtain φm by fitting 
the model to experimental data, and hence the equations are used in an empirical 
manner despite theoretical foundations; this is a practice that may be unnecessary 
if information on the log mean square PSD (equation 2.24) is available, as will be 
shown.    
In the regime approaching φm, the most widely used equations are the Krieger-Dougherty 
and MPQ models.  The use of the MPQ model (equation 2.3), repeated here for 
convenience as equation 4.1, is justified below.   
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The MPQ model is the easiest to 'fit' to experimental data as it only has one free fitting 
parameter (φm).  In contrast, the Krieger-Dougherty model has the exponent -[η] φm in 
place of '-2'; this allows it to be fitted accurately to a wide variety of suspensions as is has 
two adjustable parameters.  It is worth noting that the Krieger-Dougherty model is favoured 
by many researchers because it reduces to Einstein’s equation at low volume fraction; 
however from an engineering perspective, the error resulting from difference between 
MPQ and Einstein is within experimental limitations of viscosity measurement and thus 
generally not significant (< 10%).  In addition, the MPQ model is easy to re-write in linear 
form to provide a convenient method by which to compare to experimental data, as 
discussed further in Section 4.4.   
 
Both the MPQ and Krieger-Dougherty model are found to provide very good predictions for 
the viscosity of hard sphere suspensions as a function of phase volume if freely fitted by 
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adjusting φm and/or [η].  These models are shown in Figure 4.1, in the case of the Krieger-
Dougherty model [η] has been set to 2.5 so that the model collapses to Einstein’s equation 
in the dilute regime.  Figure 4.1 shows how well these models fit a large collection of data 
from the literature on the relative viscosity of colloidal and non-colloidal hard sphere 
suspensions as a function of phase volume; details on the samples are listed in Table 4.3.  
 
As is common practice, the models are fitted by adjusting their parameters to minimise the 
least squares error in the viscosity.  It is observed that the viscosity falls onto a single 
curve following the MPQ model for our non-colloidal 5 % agarose microgels with a 
modulus of 234 kPa and an extensive set of literature data that includes silica, glass and 
PMMA hard sphere suspensions (Meeker et al., 1997, Jones et al., 1991, Van Der Werff 
and De Kruif, 1989, Cheng et al., 2002, Lewis and Nielsen, 1968).  The experimental data 
covers a broad range of values for φm, ranging from 0.58 to 0.64 for apparently 
monodisperse hard sphere suspensions, and increasing up to 0.81 for polydisperse 
suspensions, as listed in Table 4.3.  As shown by Figure 4.1, the seemingly accurate fit to 
a large range of experimental data suggests that the MPQ model is an appropriate model 
for hard sphere suspensions.  However, it is emphasised here that using a free-fitting 
procedure can be misleading. 
Figure 4.1 ηr against φ/φm with φm from literature for commonly cited hard sphere 
suspensions (Meeker et al., 1997, Jones et al., 1991, Van Der Werff and De Kruif, 1989, 
Cheng et al., 2002, Lewis and Nielsen, 1968, Chong et al., 1971).  The lines correspond to 
viscosity—phase volume models, equations 2.1 to 2.11. 
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Table 4.3  φm values reported for various suspensions (material and matrix fluid) in the literature, and used in Figure 4.1.  Also 
tabulated is the predicted random close packing fraction (φrcp) from the model of Farr and Groot (2009) using method b or c (section 4.5.1); 
polydispersity (σ) or particle size distribution; average particle size (d0.5); φs = fraction of small spheres and Ds/DL is the ratio of the 
diameter of small to large spheres. Not Applicable (NA) - σ & φrcp are not applicable to non-spherical aggregates.  PEGRPG-MBE is 
Poly(ethyleneglycol-ran-propylene glycol) monobutylether. 
Material Matrix Reference d0.5,  µm σ  φm  φrcp  
Silica 1 Cyclohexane Van der Werff & DeKruif, 1989 0.028 0.12 0.63 0.65c 
Silica 2 ‘Shell-sol’ high boiling point hydrocarbon Jones et al., 1991 0.049 0.13 0.63 0.65
c
 
Latex a  Water Luckham and Ukeje, 1999 0.400 0.292 0.68 0.69c 
Latex b  Water Luckham and Ukeje, 1999 0.355 0.549 0.75 0.72c  
Latex c  Water Luckham and Ukeje, 1999 0.400 0.696 0.81 0.76c  
Polystyrene  PEGRPG-MBE Boyer et al., 2011 70 & 115 0.043 0.62 0.64c 
PMMA 1 Cis-decalin Meeker et al., 1997 0.301 0.01 0.49 0.64c 
PMMA 2 Decalin, Decalin - tetradecalin, mineral spirits Cheng et al., 2002 
0.640 
0.602 
0.475 
0.05 0.64 0.64c 
PMMA 3 Silicone oil 12.5 Pa.s Storms et al., 1990 40 - 118 φs = 0.25, Ds/DL = 432 0.64 0.71b 
PMMA 4 Silicone oil 12.5 Pa.s Storms et al., 1990 40 - 118 φs = 0.5, Ds/DL = 432 0.64 0.70b 
PMMA 5 Silicone oil 12.5 Pa.s Storms et al., 1990 40 - 146 φs = 0.5, Ds/DL = 338 0.66 0.71b 
Glass aggregates Chlorinated biphenyl Lewis and Nielsen, 1968 55 - 275 NA 0.64 NA 
Glass 1 Poly-iso-butylene Chong et al., 1971 25 - 250 Ds/DL = 0.14 0.76 0.76b 
Glass 2 Poly-iso-butylene Chong et al., 1971 70- 250 Ds/DL = 0.31 0.70 0.70b 
Glass 3 Poly-iso-butylene Chong et al., 1971 60 - 250 Ds/DL = 0.45 0.65 0.66b 
Glass 4 Polybutene grade 24 Poslinski et al., 1988 15 & 78 φs = 0 0.62 0.66b 
Glass 5 Polybutene grade 24 Poslinski et al., 1988 15 & 78 φs = 0.1 0.75 0.73b 
Glass 6 Polybutene grade 24 Poslinski et al., 1988 15 & 78 φs = 0.5 0.71 0.81b 
Glass 7 Polybutene grade 24 Poslinski et al., 1988 15 & 78 φs = 100 0.63 0.66b 
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Plotting the data as a function of φ/φm and using free fitting parameters gives no indication 
as to whether the values obtained for φm are correct, whether any deviations from the 
model are significant, or what governs the value for φm, which is influenced by suspension 
microstructure (i.e. particle arrangement), particle aggregation or repulsion, particle 
softness and other effects.   
 
 
4.4 Graphical Approach to Determining φm: Linearisation of the MPQ Model 
The MPQ model provides an accurate prediction of the viscosity, with only one fitting 
parameter, as shown in Figure 4.1, although it can be difficult to determine φm accurately 
as discussed in Chapter 2.  Here, it is proposed that linearisation of the MPQ equation is a 
simpler means by which to determine φm, referred to as a linear MPQ analysis.  The MPQ 
model can be rearranged into linear form, as shown in equation 4.2.    
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The linear form of the MPQ model has been previously used to determine the influence of 
polydispersity on the φm of colloidal latex hard particle suspensions (Prestidge and Tadros, 
1988, Luckham and Ukeje, 1999), but otherwise this useful form is surprisingly not in 
general use.  For the MPQ model to be accurate, plotting 1/(ηr)0.5 against φ yields a straight 
line with φm as the x-intercept when 1/(ηr)0.5 → 0.   
 
Figure 4.2 shows the experimental data, from Figure 4.1, plotted in the linearised form and 
the linear representation seems reasonable.  Some curvature is apparent in the data with 
a small deviation occurring in the middle range of phase volumes, 0.3 < φ < 0.6, the 
curvature in this range is significantly less than the 5 % error bounds as shown in 
Appendix C.  Greater curvature is apparent when plotted with the Krieger-Dougherty 
model, with [η] set to 2.5, but disappears with the Mendoza model as shown in Figure 4.2.  
The deviation from linearity shown for the PMMA particles is still significant in the Mendoza 
and the Krieger-Dougherty models, Shown in more detail for the Krieger-Dougherty model 
in Appendix C.  The advantages of this linear form are that it makes it easier to identify 
deviations from the MPQ model and provides a simpler method by which to obtain φm.  The 
disadvantages are that it collapses data at the extremes of phase volume (dilute and close 
to φm) making it more difficult to see differences in data in these more sensitive regions.   
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We use this linear form in the next Sections as a more convenient way to compare 
parameter-free theoretical (i.e. not empirical) predictions using the MPQ model, whereby 
φm is set to an independently determined φrcp, with experimental data for the range of 
samples used in Figure 4.1 and 4.2. 
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Figure 4.2 A linear plot of 1/(ηr)0.5 against (φ0/φm) with the solid line representing the 
linearised MPQ model for the range of commonly cited hard sphere suspensions (Meeker 
et al., 1997, Jones et al., 1991, Van Der Werff and De Kruif, 1989, Cheng et al., 2002, 
Lewis and Nielsen, 1968, Chong et al., 1971) shown in Figure 4.1. 
 
 
4.5. Predicting Hard Sphere Suspension Viscosity Without Fitting Parameters 
4.5.1 Maximum Packing Fraction and Particle Size Distribution  
It is well known that bidispersity and polydispersity influences maximum packing fraction 
with broader particle size distribution resulting in a higher value for φm (Mewis and Wagner, 
2011, Chong et al., 1971, Farr and Groot, 2009).  φm can be determined from particle size 
measurement (polydispersity) using one of several available theoretical models (Phan et 
al., 1998, Kansal et al., 2002, Brouwers, 2011, Farr and Groot, 2009).  These models are 
not routinely or even occasionally used to independently predict φm in viscosity – phase 
volume models.  
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The use of Farr and Groot’s model (Farr and Groot, 2009) is tested for independently 
predicting φm since it is easy to apply and is applicable to bi-, tri- and poly- disperse 
suspensions.  This model has been designed to overcome the limitations associated with 
the dependence of packing density on solvent viscosity, particle size and mass found in 
previously published models (Torquato et al., 2000).  Farr and Groot (2009) use numerical 
simulations for mixtures of elastic spheres with hydrodynamic friction to show that this 
dependence is general and relatively weak and can easily be accounted for in their 
analytical model.  The analytical model is found to give φrcp comparable to their full 
numerical simulations in a short time with little computing power (Farr and Groot, 2009).  I 
believe it is appropriate to set φm to φrcp in the MPQ model, supported by the theoretical 
derivation by Brady (1993) where random close packing is defined as the point where 
viscosity diverges towards infinity (Quemada and Berli, 2002, Mendoza and Santamaria-
Holek, 2009) (discussed in Chapter 2.2.1).   
 
Using the Farr and Groot model which utilises the log normal particle size distribution 
(σ2=ln(d4,3/d3,2)), the corresponding prediction of φrcp was calculated from the literature data 
and listed in Table 4.3.  There are several starting points for use of their simulation: (a) 
enter values for volume weighted and surface weighted mean (d4,3 and d3,2) measured 
using light scattering; or (b) where there are several monodisperse groups of particles - the 
value for particle diameter and proportion of each group are used; or (c) where only the 
value of σ is reported in the literature φrcp can be interpolated directly from Chapter 2, 
Figure 2.2 using the relationship φrcp = 0.1759σ2 + 0.0405σ + 0.6419.  All three of these 
methods are used, as indicated in Table 4.3, the choice of which is dictated by the 
information provided in the literature.  φrcp of the cospheric PMMA particles and agarose 
microgels is calculated using method (a). Figure 4.1 includes viscosity-phase volume data 
from a range of sources that report particle size distributions.  A comparison of numerical 
values of φm and φrcp is made here as well as using the linear MPQ to compare the linearity 
of the measured data in comparison with the MPQ model with no free fitting parameters.  
Throughout this thesis, the prediction of viscosity using the MPQ model with φm = φrcp, 
where φrcp is predicted from the polydispersity using Farr and Groot’s model is referred to 
as MPQ-rcp.   
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4.5.2 Application of the MPQ-rcp Model to Non-Colloidal Hard Spheres 
4.5.2.1 Analysis of data from literature 
Prediction using the MPQ-rcp model is evaluated for fairly monodisperse non-colloidal (σ < 
0.1) suspensions with the results shown in Figure 4.3; this includes data for polystyrene 
spheres (Boyer et al., 2011) and a bidisperse suspension of non-colloidal glass spheres 
with a ratio of small diameter (DS) to large diameter (DL), DS/DL = 0.138.  The glass 
spheres follow a linear relationship between 1/ηr0.5 and φ/φrcp and are accurately predicted 
by the MPQ-rcp model.  However, the polystyrene particles deviate from linearity at high 
volume fractions, which Boyer et al (2011) suggest is likely to arise from inter-particle 
friction.  They support this suggestion with inclusion of a sliding friction term in their 
simulation – bringing the simulation and experimental data into closer agreement. 
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Figure 4.3 A linear plot of 1/(ηr)0.5 against phase volume/random close packing fraction 
(φ/φrcp) for non-colloidal suspensions.  The solid line represents the linearised MPQ model 
with φrcp determined using Farr and Groot’s model.  The suspensions shown are 
monodisperse suspensions of polystyrene glass beads from Boyer et al. (2011) and 
bidisperse glass beads (Ds/DL = 0.14) from Chong et al. (1971), as shown in Table 4.3. 
 
Polydispersity of non-colloidal hard sphere suspensions has been studied by several 
authors since the 1960’s (Storms et al., 1990, Chong et al., 1971, McGeary, 1961, Lee, 
1970, Poslinski et al., 1988, Chang and Powell, 1994).  The difficulty with much of this data 
is that it is focussed on the very high phase volumes where the data becomes the most 
difficult to measure and thus the least reliable.  Polydisperse emulsions have also been 
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studied although it is difficult to ensure that particle size distribution does not change with 
phase volume.   
 
Storms et al. (1990) use PMMA beads over a range of suspension phase volumes from φ 
= 0.1 to 0.6.  This is an ideal range as it avoids the regions of very high and very low 
viscosity that are most prone to measurement error whilst also providing measurements at 
high enough φ to give an accurate prediction for φm.  The data is shown in the linear form in 
Figure 4.4(a).  There is little difference in φm from the three suspensions and little deviation 
from linearity in these results.  This suggests that with careful measurement of 
suspensions, minimising measurement and system errors, the linear MPQ-rcp model is 
valid.  There is a small offset between the results of Storms (1990) and that of Farr and 
Groot’s method starting with their measurement for monodisperse suspensions giving φm = 
0.605, approximately 5.5 % difference from the theoretical value of 0.64 used by Farr and 
Groot (2009); this difference is well within the expected experimental error. 
 
Glass beads are widely used in hard sphere suspension rheology as an ‘ideal’ model 
system.  However, these spheres are not ideal as they tend to aggregate at phase 
volumes > 0.4 unless they are sterically stabilised, which adds a degree of softness.  
Chong et al. (1971) measured glass sphere suspensions in poly(isobutylene) (PIB) using 
an orifice flow meter.  They chose suspension phase volumes greater than 0.5, at phase 
volumes where aggregation and measurement artefacts are most likely to occur.  Figure 
4.4(b) shows the linear MPQ model for their bidisperse suspensions, and a monodisperse 
suspension.  All of these measured data points are lower than that predicted by the MPQ-
rcp model.  Their results are also non-linear for the two suspensions with the largest ratio 
of small to large diameter particles - an indication that aggregation or other artefacts may 
be occurring.  The difference between the φm value reported by Chong et al. (1971) and 
φrcp predicted using Farr and Groot’s model is between 4 and 8 %.  Up to 5% error could 
be explained from the error involved in determining particle phase volume, or from 
measurement error.   
 
Poslinski et al. (1988) also used glass spheres, in this case, suspended in high viscosity 
polybutene and measured using parallel plate geometry.  They measured the rheology of 
suspensions in phase volume increments of 0.1, from φ = 0.1 to 0.6.  These authors used 
φm = 0.619 for their monodisperse suspension.  The measured data for the four 
suspensions, shown in Figure 4.4(c), is highly scattered and is poorly predicted by the 
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MPQ-rcp model.  The differences between the maximum packing fraction reported by 
Poslinski et al. (1988) and the predicted φrcp value are significant at up to 15 %.  Only 3% 
of this error could be attributed to the fact that the φm values calculated by Poslinski were 
based on φm values for monodisperse spheres of 0.619 compared to 0.64 from Farr and 
Groot’s model.  Experimental error inherent in rotational rheometers (~ 5 %) is a likely 
contributor to the data scatter.  Artefacts may be present due to slip and particle 
interactions as Poslinski et al. (1988) make no mention of the use of non-slip surfaces on 
their parallel plates.  The glass beads used in their work were not sterically stabilised and 
so likely to interact especially at high phase volume.  The difference between φm and φrcp 
could also be partly explained by their approach to determining particle size distribution 
from micrographs rather than by use of light scattering.    
 
This collection of data shows that setting φm = φrcp provides a reasonable prediction of the 
viscosity data to within 5 % error bounds, as shown in Figure 4.5.  From this plot of φrcp 
against φm, it appears that φrcp found using the Farr and Groot model is generally greater 
than the fitted value for φm above φm = 0.7 and under predicts below this.  Comparison of 
these data sets must be carried out with caution as: it is unlikely that the viscosity value 
has been taken at the same shear rate (or using the same definition for zero-shear); and 
the flow conditions differ with measurement technique (Van Der Werff and De Kruif, 1989) 
from plates or Couette geometry used on a rotational rheometer to the orifice flow meter.  
Because of the variability and measurement errors associated with this collection of data, it 
is not possible to conclusively state that φrcp found using the method of Farr and Groot 
gives an accurate prediction of φm.  However, it is shown in Figure 4.5 that the difference 
can be accounted for through experimental errors, detailed in Table 4.2, including: the 
method used for measuring particle size distribution; differences in how well particles 
approximate ‘ideal’ hard spheres and how the volume of the hard sphere is defined, 
introducing errors of up to 7 % in phase volume (Poon et al., 2012, Royall et al., 2013); 
rheology measurement errors or measurement artefacts such as slip.  It can be seen from 
Figure 4.4 that the MPQ-rcp approach is a good indicator of rheological behaviour with 
suspension phase volume to within experimental error.  The results also demonstrate that 
the linear form of the MPQ model is useful for identifying deviations from linearity. 
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Figure 4.4 A linear plot of 1/(ηr)0.5 against phase volume for non-colloidal hard sphere 
suspensions (d0.5 > 1 µm).  The lines represent the linearised MPQ with φm = φrcp, 
predicted from published values of polydispersity using Farr and Groot’s model.  The 
graphs are for: (a)  PMMA beads (Storms et al., 1990); (b) PMMA (Chong et al., 1971) (c) 
Glass beads (Poslinski et al., 1988). 
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Figure 4.5 Prediction of φm from literature for mono- bi- and poly-disperse suspensions 
compared with φrcp from the model of Farr and Groot shows agreement to within 5 % error 
expected in rheology.  
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4.5.2.2 Rheological data for polydisperse agarose microgels and PMMA  
For comparison with the literature, data for 5 % agarose microgel particles is included 
here.  These particles have a modulus of 234 kPa, are not attractive, and are large enough 
that Brownian motion is negligible.  The three batches of microgels are produced 
independently to have slightly different particle size distributions.  The rheological 
measurements have been carried out systematically to eliminate slip, edge effects and 
evaporation in the rheometer.  Using Farr and Groot’s model, φrcp has been calculated for 
each batch (refer to Chapter 5 for details), and the prediction of the experimental data are 
shown in Figure 4.6.   
 
To further investigate rheology of poly disperse suspensions, the viscosity of PMMA beads 
(nominally 5-27 µm in size) suspended in 12500 cSt silicone oil have been measured.  
Eliminating common measurement artefacts, such as slip, settling, aggregation and 
inclusion of air bubbles, the measured viscosity in the Newtonian shear plateau allows 
comparison of the measured data to the linear MPQ and MPQ-rcp model. Slip is 
eliminated using rough sandpaper surfaces on the parallel plates and is confirmed using 
gap dependent rheology, there were no apparent edge effects and inspection using the 
rheoscope after shearing did not show particle aggregation.  A particle size distribution is 
measured using the Malvern Mastersizer with the average particle size listed in Table 4.1 
along-side the predicted φrcp. 
 
Figure 4.7 shows that polydisperse PMMA suspensions follow the linear MPQ-rcp model 
up to φ = 0.5.  The predicted φm from the linear MPQ method is φm = 0.63, which is very 
close (within experimental error) to the predicted φrcp = 0.66 using Farr and Groot’s model.  
From the above analysis, it is concluded that, with accurate measurement and careful 
suspension preparation, the viscosity of non-colloidal hard spheres is predicted, within the 
experimental error, using the MPQ-rcp model.  Deviation from the model is easily 
accounted for by errors associated with: determination of specific phase volume; particle 
size distribution measurement; particle settling; and anomalies such as inclusion of air 
during sample preparation.   
 
4.5.3 Application of the MPQ-rcp Model to Colloidal Hard Spheres 
The MPQ-rcp model is tested for its ability to predict the viscosity of commonly used 
colloidal hard spheres (from Figure 4.1) as shown in Figure 4.8; the viscosity data and 
particle size distributions are from the experiments of Meeker et al. (1997), Van Der Werff 
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and De Kruif (1989), Jones et al.(1991) and Cheng et al. (2002).  The most significant 
feature is that the model accurately predicts the viscosity of monodisperse hard sphere 
suspensions of Jones et al. (1991) and Van Der Werff and De Kruif (1989), i.e. φm = φrcp.  
In contrast, the data from Meeker et al. (1997) and Cheng et al. (2002) clearly deviate from 
linearity at high volume fractions; this deviation is missed if φm is used as a free-fitting 
parameter as performed in Figure 4.1.  In this instance, we do not think this arises due to 
aggregation because we expect this would have been revealed in the numerous studies 
performed on PMMA.   
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Figure 4.6 A linear plot of 1/(ηr)0.5 against phase volume 5 % agarose particles with a 
particle modulus of 234 kPa.  The lines represent the MPQ-rcp model.  Insert shows the 
log-linear plot of the MPQ model approaching random close packing fraction.  
 
The debate around whether φm = φg = 0.58 versus φm = φrcp = 0.64 is ongoing in the 
literature.  Differences between silica and PMMA hard spheres have previously been 
noted, and whether one or the other is a better model of hard sphere has been extensively 
debated (Phan et al., 1996, Jones et al., 1991, Buscall et al., 1994).  It has been strongly 
argued that PMMA spheres pack as for a glass (i.e. φm = φg) whereas silica spheres do 
not. However, it is not only PMMA spheres that show φm = 0.58 - Buscall (Vincent et al., 
1983) reported the same result for highly monodisperse latex particles.  This suggests an 
underlying cause for φm = φg that is as yet unknown. 
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Figure 4.7 A linear plot of 1/(ηr)0.5 against phase volume.  Solid line represents the 
MPQ-rcp model.  Circles represent the PMMA suspension in 12500 cSt silicone oil 
 
Two recent papers suggest that this unknown cause could be polydispersity.  Effects of 
polydispersity in hard sphere suspensions are clearly seen in Figure 4.9 using the 
experimental data of Luckham and Ukeje (1999) for polymer coated latex spheres.  As the 
log-mean squared PSD increases from 0.292 to 0.696, φrcp is predicted to increase from 
0.67 to 0.76.  Figure 4.9 shows that the predicted increase corresponds to a systematic 
shift in the measured value of φm.  The MPQ model perfectly predicts the viscosity of the 
suspensions containing the least polydisperse latex particles and shows reasonable 
accuracy for the more polydisperse samples although it does over-predict the viscosity and 
seemingly under-predict φm.  However, this discrepancy may simply arise from 
experimental uncertainties, including determination of particle phase volume that is 
notoriously difficult to define accurately for particles that are coated in a soft layer such as 
an adsorbed polymer (Luckham and Ukeje, 1999).  Deviation can arise from aggregation, 
compression of the polymer coating when lubrication stresses are comparable to the 
coating modulus, and uncertainty in determining particle size distribution (Poon et al., 
2012).  Using Dynamic Light Scattering experiments of colloidal suspensions and Monte 
Carlo simulations, Brambilla et al. (2009) show that complete structural arrest does not 
occur at the glass transition.  Zaccarelli et al. support their findings - and attempt to explain 
the cause - using molecular dynamics simulations to show that highly mono-disperse 
79 
systems, where the standard deviation divided by the mean particle size ≤ 0.08, do 
demonstrate φg = 0.59 (Zaccarelli et al., 2013).  They suggest that in more polydisperse 
systems only the larger particle movement is arrested while the smaller particles continue 
to rearrange thus non-ergodicity is seen above 0.58.  Alternatively, uncertainty involved in 
determining φm are so great that 0.61 ± 0.03 is the limit of accuracy for experimental 
systems.  This experimental uncertainty may be the dominating factor.  These suspensions 
are notoriously difficult to measure accurately, such artefacts as slip, shear banding edge 
fracture and time dependence must all be eliminated or accounted for (Mewis and 
Wagner, 2009) and even then experimental error of 5 % is expected.  Other contributing 
factors include: the difficulty in producing a truly non-deformable, non-interacting hard 
sphere; and accurately defining the phase volume especially for sterically stabilised or 
core-shell particles where particle structure is not homogeneous.  This introduces up to 6% 
error in φ (Royall et al., 2013) which gives an average in φm = 0.61 ± 0.03, i.e. covering the 
full range of simulation results from the glass transition to the geometric random close 
packing fraction. 
 
φ/φrcp
0.0 0.2 0.4 0.6 0.8 1.0
1/
η r
0.
5
0.0
0.2
0.4
0.6
0.8
1.0
PMMA 1
Silica 2
Silica 1
PMMA 2
MPQ-rcp 
 
Figure 4.8 A linear plot of 1/(ηr)0.5 against phase volume/random close packing fraction 
(φ/φrcp) for monodisperse, colloidal suspensions.  The solid line represents the MPQ-rcp 
model.  The suspensions shown are PMMA suspensions from Meeker et al. (1997) and 
from Cheng et al. (2002), and non-interacting silica spheres of Jones et al. (1991) and Van 
Der Werff and De Kruif (1989) as shown in Table 4.3.  
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Figure 4.9 A linear plot of 1/(ηr)0.5 against phase volume for latex spheres (Luckham 
and Ukeje, 1999).  The lines represent the linearised MPQ with φm = φrcp, predicted from 
published values of polydispersity using Farr and Groot’s model.  
 
4.5.4 Effects of Aggregation and Migration  
To further test the validity of the suggestion that non-linearity indicates artefacts such as 
aggregation or particle migration, the data of Lewis and Nielsen (1968) for suspensions 
containing stable aggregates of various sizes is examined; these can be considered to be 
anisotropic particles.  They created glass particle aggregates with a known number of 
particles in each aggregate by heating the particles slightly to fuse them together so as to 
prevent the aggregates breaking apart during shear.  Their data is plotted in the linear form 
as shown in Figure 4.10 and demonstrates that the individual spherical glass particles 
follow the MPQ-rcp model relationship whereas aggregates of the same particles deviate 
substantially from linearity.  This deviation becomes increasingly more significant as the 
aggregate size is increased.  The curvature seen for the aggregates in Figure 4.10 is 
analogous to the non-linear behaviour observed for various systems in Figures 4.3, 4.4 
and 4.5. 
 
The influence of particle migration is shown by the open squares in Figure 4.10 using data 
from Boyer (2011) taken after particle migration has occurred in the rheometer, which 
leads to a φm = 0.74 if freely fitted; well above the φrcp independently determined from the 
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particle size distribution.  This demonstrates the potential for over estimation of the 
maximum packing fraction where a free fitting approach is taken. 
 
It is worth noting that if the MPQ model with φm = φrcp is indeed valid for hard spheres, as 
suggested here, then using it in the form of MPQ-rcp model provides a very easy method 
by which to observe where systems deviate from hard sphere behaviour.  Deviation can 
arise from an apparent increase in suspension phase volume due to inter-particle 
interactions or potentially from measurement errors in the rheology, phase volume or 
particle size distribution.  It is not possible to discover potential deviations if the data is 
simply fitted using φm as a free fitting parameter.   
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Figure 4.10 A linear plot of 1/(ηr)0.5 against φ/φm with the solid line representing fits of the 
MPQ model to the data for non-colloidal glass spheres and non-linear plots for aggregates 
of the same glass particles using data from Lewis and Nielsen (1968).  Dotted lines are a 
guide for the eye.  Also shown are monodisperse suspensions of polystyrene beads after 
particle migration has occurred from Boyer et al. (2011) 
 
 
4.6. Concluding Remarks 
The rheological behaviour of hard sphere suspensions is widely studied from both an 
applied and fundamental perspective.  However, there is an over-reliance on using free-
fitting parameters for predicting the viscosity of suspensions as a function of phase 
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volume.  The MPQ model is typically used for this prediction since it only contains one 
fitting parameter, φm.  Using widely cited data for colloidal and non-colloidal hard spheres 
from literature, it is demonstrated that in many cases the MPQ model accurately predicts 
the viscosity of the suspensions of hard spheres when φm is independently determined 
from the particle size distribution and equated to the geometric random close packing 
fraction.  Any deviation from the model is most obvious when 1/(ηr)0.5 is plotted against 
phase volume, which leads to a linear relationship when hard sphere behaviour and the 
MPQ model are followed.  It is likely that, an apparent increase in effective phase volume, 
due to particle volume change or particle interactions that drive repulsion or aggregation, is 
the main cause of deviation from the expected linear relationship.  Experimental 
uncertainties or measurement artefacts (e.g. slip, particle migration) may also play a role in 
deviation from the model.  Analysing viscosity data using the MPQ-rcp model appears to 
be an accurate method to highlight where hard sphere behaviour is not followed or 
measurement artefacts are present.  It is shown that 5% agarose particles, with an 
estimated particle modulus of 235 kPa, also follow hard sphere behaviour predicted by the 
MPQ-rcp model.  This approach can now be applied to microgels, with varying particle 
modulus, to determine the effect of particle modulus. 
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Chapter 5 
Viscosity of Soft Spherical Microgel Suspensions 
 
 
5.1. Introduction 
Most fundamental studies on suspension rheology focus on “hard” spherical particles, and 
a good understanding is emerging on their flow behaviour from experiment and simulation 
(Mewis and Wagner, 2009).  In contrast the rheological properties of soft particle 
suspensions are not so well defined, modelled or characterised.  Soft particle suspension 
rheology is important to both natural and highly engineered systems, for example: 
microgels, droplets, biological cells, swollen starch granules, star polymers, and polymer-
stabilised/coated colloids.    
 
Soft particle suspensions display interesting and useful rheological properties, particularly 
in the high concentration region where they exhibit viscoelastic and solid-like behaviour at 
low shear but yield and flow above a ‘yield’ stress (Stokes, 2011).  These properties are 
widely exploited industrially in: mineral processing; oil recovery and drilling fluids; 
consumer products; and for advanced materials such as biomaterials, coatings, lubricants, 
and medicines (Stokes, 2011, Mewis and Wagner, 2011, Fischer and Windhab, 2011).  
Their rheological behaviour is complicated by particle deformability, porosity and volume 
changes that occur due to mechanical forces and physiochemical changes.  While the 
volume fractions for suspensions of hard particles and emulsions are relatively easy to 
define with minimal error (up to around 3% (Poon et al., 2012)), this is not the case for 
most soft particles (Stokes, 2011).  To cope with this issue, soft particle suspensions are 
usually defined in terms of an effective phase volume (φ0), as shown in equation 5.1, 
dependent on the dry weight concentration (c) and the specific volume (k0) of the microgel 
in dilute suspensions when they are in their most swollen state (Cloitre et al., 2003, Tan et 
al., 2004).   
φ0 = k0c          (5.1) 
 
As discussed in Chapter 4, the viscosity of suspensions bifurcates towards infinity upon 
reaching a critical phase volume, the maximum packing fraction (φm) (Van Der Werff and 
De Kruif, 1989, Jones et al., 1991, Lewis and Nielsen, 1968).  For suspensions of soft 
spheres, the critical effective phase volume increases with decreasing particle modulus 
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(Adams et al., 2004) or cross-link density (Wolfe and Scopazzi, 1989); φm values close to 
or even exceeding unity are not uncommon (Stokes, 2011, Wolfe and Scopazzi, 1989, 
Senff and Richtering, 2000).  However, a question arises as to whether the critical phase 
volume directly depends on the particle modulus or whether it is due to a lack of 
knowledge on the “true” specific volume of the microgels in that region.  This chapter aims 
to verify the effect of particle modulus on suspension viscosity using the MPQ-rcp model.  
This situation is considered experimentally using model non-colloidal soft spheres to 
ascertain the specific role that particle modulus has on defining the shear rheology and 
phase volume of soft particle suspensions.     
 
 
5.2. Background and Approach 
Non-colloidal agarose microgels are used to investigate the effect of particle modulus on 
suspension rheology.  The experimental and analytical methodologies, described in 
Chapter 3, are also applied to Carbopol, a colloidal scale polyacrylate microgel particle 
suspension.  These colloidal microgels are routinely reported in the literature and are 
industrially relevant.   
 
For the range of soft and hard agarose microgels studied here, the shear viscosity is 
characterised as a function of effective phase volume up to the critical volume fraction 
where the viscosity approaches infinity.  As has been performed previously, discussed in 
detail in Section 2.1.2, effective phase volume (φ0) is defined from viscosity measurements 
at low concentrations by fitting viscosity data to the Einstein and Batchelor models.  Using 
rheological measurement for determining particle phase volume has the advantage that 
any influence related to particle structure such as porosity and hydrodynamic effects are 
incorporated into φ0 (Abade et al., 2010).  The disadvantage is the error involved, as 
discussed in Chapter 3; at low concentration there are several error sources around the 
order of 10% in φm.   
 
Once φ0 is defined using Einstein’s or Batchelor’s equation, φm is determined by free fitting 
experimental data to a well-established viscosity model such as that derived by Maron and 
Pierce and separately by Quemada (equation 2.3) (1977) or Krieger and Dougherty 
(equation 2.4) (1959).  In Chapter 4, the approach referred to as Linear MPQ analysis was 
demonstrated to describe more clearly the viscosity of hard sphere suspensions.  This 
methodology allows easy detection of the point at which suspension behaviour deviates 
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from that expected for hard spheres.  This point is easily missed if the MPQ model is only 
plotted using free fitting.  Linear MPQ analysis involves rearranging the MPQ model so it is 
a linear equation as shown in equation 4.2.  The advantage of this form of the equation is 
that it is easy to visually observe where data deviates from the model by plotting 1/(ηr)0.5 
against φ since it should yield a straight line with φm being the x-intercept when 1/(ηr)0.5 → 
0.  Chapter 4 demonstrated the validity of setting φm equivalent to the geometric random 
close packing fraction (φrcp) predicted independently from the measured particle size 
distributions of hard sphere suspensions using the model of Farr and Groot (2009), as 
shown in equation 5.2.  The significance of this finding is that with known particle size 
distribution the viscosity can be predicted directly using the MPQ model without need for 
any fitting parameters (referred to here as the MPQ-rcp approach); in this way the MPQ 
model is not semi-empirical but theoretical.  
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The MPQ-rcp approach is employed here, noting that MPQ-rcp with φ0, determined from 
Batchelor’s equation, is used to ascertain where soft particle suspensions deviate from 
hard sphere behaviour.  Previous literature on microgel suspensions (Senff et al., 1999, 
Adams et al., 2004, Tan et al., 2010) all determine φm as a free fitting parameter from a 
plot of viscosity against phase volume.  Tan et al. (2004) define φ for their osmotically de-
swelling colloidal scale polyelectrolyte microgel suspensions by force-fitting the viscosity to 
the Krieger-Dougherty and Batchelor equations using hard-sphere parameters, and 
determine k as a function of concentration (i.e. φ
 
= kc).  k is variable above a critical 
concentration required for osmotic de-swelling to occur.  The influence of osmotic de-
swelling is calculated and quantified for polyelectrolyte microgel suspensions by Cloitre et 
al.(2003) and Tan et al. (2004) utilising an ion specific electrode to measure the increase 
in free counter ions with increasing microgel concentration.  This resulted in stronger 
osmotic de-swelling and confirmed that microgel specific volume decreases with 
increasing concentration.  In Figure 5.1, the relative viscosity of their polyelectrolyte 
microgel suspensions is compared when plotted against φ (phase volume adjusted for 
osmotic de-swelling) and φ0 (phase volume at maximum swelling); values of φ0 > 1 are 
possible due to particle volume decrease..  This shows that linearisation of the MPQ model 
is a useful method to verify the swelling ratio (Q) (grams of swollen wet polymer /grams of 
dry polymer), determined independently for these microgels.  This also demonstrates that 
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the underlying cause of non-linear behaviour is microgel volume decrease not a direct 
function of particle modulus. 
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Figure 5.1 A linear plot of 1/(ηr)0.5 against phase volume for both φ (filled symbols) and 
φ0 (open symbols) for polyelectrolyte microgels (~ 100 nm diameter in the collapsed state) 
from Cloitre et al.(2003) (□■) and Tan et al. (2004)(○●).  The solid line represents the MPQ 
model with φrcp  = 0.64 for these monodisperse suspensions.  
 
 
5.3. Materials and Methods 
5.3.1 Microgel Manufacture 
The agarose solutions were made to concentration of 5, 4, 2.5, 1.5 or 0.5 wt % agarose 
following the methods described in Chapter 3.  The washing method used to remove oil 
from all microgel suspensions, except 1.5 % agarose, was RO water with Tween 80 
followed by RO water; 8 – 10 centrifugation and washing steps were required.  The 1.5 % 
agarose suspension was washed using ethanol followed by water rinsing and required 5 
centrifugation steps to separate the oil.  Highly polydisperse particles were produced for all 
agarose concentrations with an average size of 5 to 10 µm, particle size distributions from 
the Malvern Mastersizer are shown in Figure 5.2 and Table 5.1.  Size distribution could not 
be measured for the 0.5 % agarose microgels due to the very small difference in refractive 
index between water and the particles.  The wide PSD of the 1.5 % and 2.5 % microgels, 
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with sizes greater than the filter mesh (20 µm), suggest some particle aggregation may be 
present during particle size measurement.  Alternatively, particles may deform (compress) 
and pass through the mesh before their spherical shape is regained. 
 
Carbopol 934, described in detail in Chapter 3, is a highly polydisperse, spherical microgel 
suspension which is dispersed in water and neutralised to pH 7.8 by adding appropriate 
amounts of triethanolamine (Sigma) (Davies and Stokes, 2008, Stokes and Telford, 2004).  
To determine the phase volume of these suspensions low phase volume viscosity 
measurements are fitted to Batchelor’s equation.  Carbopol measurements were found to 
be highly repeatable and thus phase volume for this suspension is found using dilute 
suspension rheology, as described in Section 5.3.3. 
 
5.3.2 Interpretation of Rheology Measurements 
The agarose microgel suspensions are essentially Newtonian up to φ0 ~ 0.5 as described 
by the power law constitutive equation: 
 
sγκ=τ &
           (5.3) 
with a power law index (s) of 0.8 < s < 1.1.  The full curves are shown in Figure 5.3 for the 
two extremes of agarose concentration (5 % and 0.5 %) from low phase volume up to just 
above φrcp. The full rheological flow curves are shown in Appendix D.1 for all of the 
microgel suspensions and are similar to those previously published by Adams et al. (2004) 
for agar microgels.   
 
5 % agarose microgel suspensions show largely Newtonian behaviour with some evidence 
of shear thinning and shear thickening at φ = 0.6.  At φ = 0.76, which is above φrcp, the 
suspension shows a zero-shear plateau and a distinct yield stress.  The 0.5 % microgels 
are shear thinning, s < 0.8, from φ = 0.59.  Due to the small degree of roughness (less than 
the average particle size), slip may be present above φm in the apparent zero-shear 
plateau, before yielding, as discussed in Chapter 7.  No slip is evident below φm the 
relevant region discussed in this chapter.  A small degree of shear thickening behaviour (s 
> 1) is apparent for the 4 % and 5 % agarose microgel suspensions, as investigated in 
detail in Chapter 8.  The relative viscosity plotted for all data is given by ηr = η/ηs, where ηs 
is the solvent viscosity (i.e. water) and η is the Newtonian viscosity plateau.  To satisfy the 
assumptions of the MPQ model, data from the Newtonian plateau of viscous suspensions 
is used to compare to model predictions.  Where the Newtonian plateau is not clearly 
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identifiable low shear viscosity is used, that is, the smallest measureable data points with a 
measurement time of 30 s per point, as shown by the dotted line in Figure 5.3(a) and (b) 
for the hardest and softest microgels respectively and shown in Appendix D.1 for all other 
suspensions.  The storage modulus (G’) of agarose gel disks was determined and is used 
as an approximation for the particle modulus (GP), as discussed in Chapter 3, with the 
results in Table 5.2.  
 
 
Table 5.1 Log normal particle size distribution - measured values for the surface 
weighted mean, (d3,2) volume weighted mean (d4,3) in µm and the calculated value for log 
normal particle size distribution σ2=ln(d4,3/d3,2). 
 
5 % 4 % 2.5 % 1.5 % 
d4,3 11.07 3.63 18.58 18.43 
d3,2 6.93 2.96 3.13 2.53 
σ 0.68 0.45 1.31 1.41 
 
 
 
Figure 5.2 Particle size distributions for microgels at 5 %, 4 %, 2.5 % and 1.5 % 
agarose concentration.  
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Figure 5.3 Flow curves showing viscosity against shear stress across a range of phase 
volumes for (a) 5 % agarose microgels (A10) and (b) 0.5 % agarose microgels.  Dashed 
line shows the shear stress range across which average viscosity ‘zero-shear’ viscosity 
was calculated for each suspension phase volume. 
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5.3.3 Defining Effective Phase Volume of Microgel Suspensions  
Microgel suspension ηr is plotted as a function of the dry weight of polymer in the microgel, 
as shown in Figure 5.4.  This shows that at a specific polymer weight fraction a soft 
particle suspension exhibits a higher relative viscosity than a suspension of hard particles.  
That is, the hardest particles require a greater dry weight of polymer to achieve the same 
viscosity increase or thickening effect.  To understand this difference we need to 
determine the particle phase volume which includes the volume occupied by both the 
polymer and water within the microgel.  Suspension volume fraction is one of the main 
defining parameters for the viscosity of suspensions.  The included water in the particle 
affects the particle volume, which has a significant influence on suspension viscosity 
(Shewan and Stokes, 2012).   
 
For each of the agarose microgel suspensions, Batchelor’s model (equation 2.2 with C2 = 
5.2) is fitted to the viscosity-concentration data to determine k within the limit of phase 
volumes where φ0 < 0.15. Einstein’s equation can also be used at very dilute 
concentrations φ0 < 0.05, but it was found to be susceptible to slight inaccuracies in 
solvent and suspension viscosity.  Batchelor’s equation is less susceptible to small 
inaccuracies in viscosity measurements, but suffers from a lack of sensitivity to small 
variations in k and will be inaccurate if it is incorrectly determined outside of the volume 
fraction range of validity of the Batchelor model.  The main assumption is that particle 
modulus does not affect the viscosity of the suspensions at φ0 < 0.15.  This is a very 
reasonable assumption considering the amount of stress required to deform even the 
softest particle in this study would be much greater than the viscous stresses from the 
suspension solvent phase which is water.  Table 5.2 shows the values determined for k
 
of 
agarose microgels from Batchelor’s Equation and Figure 5.5(a) shows relative viscosity 
against effective phase volume of agarose microgel suspensions for φ0 < 0.15.  From this 
figure the fit looks to be accurate, although, when re-plotted, as shown in Figure 5.5(b), 
significant variability is seen around the ‘best fit’.   
 
Carbopol, is readily available in large volumes and so numerous measurements were 
performed at low volume fractions to obtain relatively accurate and reliable intrinsic 
viscosity measurements using Einstein’s equation. The intrinsic viscosity is found to be [η] 
= 12.8 dl/g, as shown in Appendix D.2a.  The best fit of Batchelor’s equation is also 
determined using a least squares method and found to give an equivalent value, as shown 
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in Table 5.2 and plotted in Appendix D.2b.  Figure 5.9 shows the measured values of ηr for 
Carbopol plotted against effective phase volume. 
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Figure 5.4 Relative viscosity as a function of dry weight fraction of polymer for microgels 
of differing agarose concentration 
 
 
Table 5.2 Parameters describing microgel and suspension properties as a function of 
agarose concentration in the microgel: agarose gel G';  k0 obtained using equation 4 or 5;  
φm is determined from equation 4.2 (linear MPQ model); φrcp is obtained from PSD using 
the model of Farr and Groot (2009).  *φrcp value cannot be calculated due to inability to 
measure particle size distribution.  
 
Agarose 
concentration 
Agarose G’  
(kPa) 
k (dl/g) 
φm φrcp  
Einstein Batchelor 
 
5 % 234 - 1.86 0.72 0.74 
4 % 185 - 2.96 0.71 0.69 
2.5 % 113 - 3.93 0.74 0.85 
1.5 % 64.3 - 7.3 0.80 0.86 
0.5 % 15.8 - 10.86 0.92 * 
Carbopol - 5.9 5.1 0.78 * 
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Figure 5.5 (a) Relative viscosity against phase volume, determined by fitting to 
Batchelor’s model, for agarose microgel suspensions.  Einstein’s equation (dashed) 
applicable up to φ = 0.05 and Batchelor’s equation with C2 = 5.2 (dash-dot-dot) up to φ = 
0.2; (b) Batchelor’s equation and measured data plotted as (ηr-1)/ φ against φ0. 
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5.4. Results and Discussion 
5.4.1 Linear MPQ Analysis  
To demonstrate the value of the MPQ-rcp approach the results are plotted on both a log-
linear scale on a linear-linear scale.  In Figure 5.6 ηr is plotted on log – linear axes against 
φ using the MPQ model with φm.  While the MPQ fit is most accurate for the harder 
particles and not very accurate for the softest (particularly 0.5 % agarose microgels and 
Carbopol); predictions using the Mendoza model are similar and are shown in Appendix 
D.3.  It is observed that, as the particle modulus decreases φrcp increases (see Table 5.2).  
φrcp exceeds the value of ~ 0.64 typically found for hard sphere suspensions, particularly 
for the 2.5 %, 1.5 % and 0.5 % agarose microgels.  With φm determined by free fitting to 
the log curves of the MPQ model, as is common practice, these observations lead to the 
conclusion that φm is dependent on particle modulus.  The alternative hypothesis 
addressed here, based on the verification of the MPQ-rcp model in Chapter 4, is that 
suspension viscosity is independent of particle modulus up to φrcp and that any deviation 
from the MPQ-rcp model is due to a change in particle phase volume.  
 
The first assumption is that suspensions which follow hard sphere behaviour up to φrcp are 
linear when plotted in the form of equation 4.2, as presented in Chapter 4 for hard 
spheres.  Figure 5.7 shows the linearised plot of the MPQ-rcp model; this reveals that 
nearly all of the data follow a linear relationship up to at φ ~ 0.5 for 2.5 % agarose, and φ0 
between 0.3 and 0.5 for 1.5% and 0.5 % agarose microgels, while the harder 4 % and 5 % 
agarose microgels are linear up to the x-axis intercept.  It should be noted there are 
additional data points along the x-axis for these samples above φrcp because, in contrast to 
hard sphere suspensions, the viscosity can still be measured above φm.  Above φrcp the 
suspension takes the form of a viscoelastic soft solid because the soft particles adjust their 
size and shape to accommodate neighbouring particles.  This is an important realisation 
as when plotting viscosity as a function of phase volume, following the traditional log – 
linear approach, it is tempting to fit the model across the entire volume fraction range of 
measurable viscosities.  When the system becomes a viscoelastic soft solid, the MPQ 
model is no longer valid, as it has crossed the sharp transition assumed to exist between 
the low and high concentration region, as discussed in Section 2.1.1, and the data from 
this regime should not be used.  The MPQ-rcp approach makes it easier to observe the 
region in which the model is applicable.   
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In the next Sections the origin for this deviation from linearity are considered, particularly, 
the dependence on particle modulus.  The hypothesis considered here is that suspension 
viscosity is independent of particle modulus up to φrcp and that any deviation from the 
MPQ-rcp model is due to a change in particle phase volume.  This hypothesis is based on 
the example of polyelectrolyte microgels (Figure 5.1) which fall on the theoretical MPQ-rcp 
model when their true phase volume is calculated. 
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Figure 5.6 Relative viscosity against effective phase volume of agarose microgel 
suspensions.  The dashed line is found by free fitting φm to the linear MPQ model. 
 
5.4.2 Causes of Deviation from the Linear MPQ Model 
5.4.2.1 Microgels as Hard Spheres up to Random Close Packing 
The hypothesis is that agarose microgel particles should follow the linear MPQ to the point 
where soft particles are in intimate contact, i.e. at φm where 1/(ηr)0.5→0.  This is observed 
for polydisperse hard particles as shown in chapter 4, volume adjusted compressible 
microgels (Section 5.2) and deformable, but incompressible, emulsion droplets as shown 
in Figure 5.8.  Emulsions provide a good model for consideration of particle deformation 
without the concern of volume loss due to solvent movement.  Due to the deformable 
nature of the emulsion droplets it is possible for deformation to occur at high shear rate 
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and at phase volumes at and above maximum packing.  Data from Pal (2000) is used for 
four emulsions with only slightly varying degrees of polydispersity and particle size.  A best 
fit of the Linear MPQ model to rheology data for each of the four emulsions gives an 
intercept with an x-axis intercept of φm = 0.72 ± 0.05, shown in Figure 5.7.  This is in close 
agreement with φrcp, which gives φrcp = 0.71 ± 0.02.  In this example, phase volume is 
explicitly known (i.e. φ = φ0) and these systems show linear relationships between 1/(ηr)0.5 
and φ.  Despite the potential for deformation at high volume fractions and at high shear, 
deformation does not influence the zero-shear viscosity at phase volumes below φm.  It can 
be concluded that the linear fit of the emulsion to the linear MPQ provides evidence that 
the non-linear behaviour observed for 2.5 %and 0.5 % agarose microgels in Figure 5.7 
and Carbopol in Figure 5.10 is not due to particle deformation.  This fact also supports the 
assumption that viscosity is independent of particle modulus below φrcp.  
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Figure 5.7 A linear plot of 1/(ηr)0.5 against φ0/φrcp for 5%, 4%, 2.5% and 1.5% agarose 
microgel suspensions. For the 0.5% agarose microgels, φrcp is set to fitted φm as particle 
size distribution data is not available.  Solid line is the MPQ-rcp model.  . 
 
For 2.5 % and 0.5 % agarose microgels this they become non-linear at 1/(ηr)0.5 ~ 0.3.  
Eliminating both polydispersity and particle deformation as possible causes for this 
deviation leads to the likely scenario - a change in phase volume from φ0 at phase volumes 
approaching φrcp.  To quantify the actual phase volume of the agarose microgels with 
increasing suspension concentration, it is assumed that the linear MPQ-rcp model for 
polydisperse hard spheres applies, i.e. φm = φrcp.  Using this approach, φ  is determined for 
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each value of the relative viscosity measured, i.e. φ = (1-1/(ηr)0.5) φrcp.  The difference 
between φ and φ0 can be accounted for by assuming the deviation results from a decrease 
in the actual microgel volume with increasing suspension effective phase volume; a 
maximum decrease of 5 - 20 % is predicted for the 2.5 %and 0.5 % microgels at the 
highest volume fractions.   To justify the approach for estimating the actual phase volume 
it is highlighted that it is similar to that previously applied to osmotically de-swelling 
colloidal scale polyelectrolyte microgels, discussed in section 5.2.   
 
The deviation from linearity is observed for Carbopol microgels in Figure 5.10.  The 
deviation appears similar to the osmotic de-swelling effect shown in Figure 5.1 for 
polyelectrolyte microgels.  However, Carbopol microgel suspensions are at neutral pH to 
ensure that they do not osmotically de-swell.   
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Figure 5.8 A linear plot of 1/(ηr)0.5 against effective phase volume with the solid line 
representing the MPQ-rcp model for four sets of emulsion data from Pal (2000) with 
varying Sauter mean diameter (D, µm) and polydispersity described by the minimum and 
maximum (min, max) particle diameters. 
 
5.4.2.2 Structural Changes Contributing to Microgel Volume Decrease 
A defining aspect of the agarose microgels is that the osmotic de-swelling observed in 
other systems is not present.  Polyelectrolyte microgels release counter-ions into the 
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surrounding solvent that would induce osmotic de-swelling as phase volume is increased 
(Cloitre et al., 2003) whereas agarose gels are able to osmotically de-swell only when 
there is sufficient difference in osmotic pressure between the solvent and the gel particle 
brought about by addition of ions such as salts or sugar.  The rate of de-swelling is limited 
by particle modulus, as shown by Viallat et al.(2004) in their study on sucrose induced 
osmotic de-swelling of agarose gel filled lipid vesicles.  Osmotic de-swelling of agarose 
microgels is therefore unlikely to be the cause of the non-linearity in Figure 5.7 as the 
solvent is RO water with low resistivity and the osmotic pressure would need to be greater 
than 8000 Pa for a 0.5 % agarose microgel to osmotically de-swell.   
 
It is thought that the observed non-linear deviation is not an inherent property of the 
system, but rather a property arising from preparation procedures; it is hypothesised that 
the softer agarose microgels decrease in size with increasing volume fraction during 
stages of their preparation and the Carbopol fails to fully swell at high concentration.  This 
requires further investigation to confirm and to determine the underlying cause.  It may be 
that, at low agarose concentrations, the cross-linking may not be adequate and free 
oligomers may be present causing a difference in the osmotic pressure.  The manufacture 
of agarose microgels involves repeated centrifugation steps at 8000 rpm which equates to 
a pressure drop of greater than 100 kPa; this not only results in separation of the 
microgels from oil and water phases but also applies a compressive force to the microgel 
particles collected at the base of the tube.  This compression leads to a loss of volume and 
solvent from their structure for the weaker gel particles.  The magnitude of the volume loss 
is dependent on the centrifugal force experienced by the microgel particle and the ability of 
the particle to resist compression, which is proportional to the particle modulus.  In a 
micromechanical study of Yan et al. (2009) on individual agarose microgels, during 
compression they exhibited a poro-viscoelastic response with a short relaxation mode 
being due to the migration of water from its interior.   
 
To provide evidence for the hypothesis, agarose microgels were manufactured with an 
initial concentration of 1.5 % agarose and centrifuged for 40 minutes at 10000 g, 
analogous to a single centrifugation step in the manufacture process.  Following removal 
of excess water, the remaining suspension at the bottom of the centrifuge tube is dried and 
the total solids measured; a significantly higher agarose concentration of 2.7 % is 
discovered thus demonstrating conclusively that water is removed from within the microgel 
particle.   
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Agarose gels are known to form essentially permanent cross-links and re-swell in excess 
water as long as the ratio between the agarose concentration under compression and at 
its initial state is less than 5 % (Lips et al., 1988).  The degree of re-swelling also depends 
on the volume of free water and the time allowed for re-swelling to occur.  This is 
demonstrated by diluting two samples of centrifuged microgels to 40 wt % with RO water 
and measuring the rheology; one sample is allowed to re-swell for 72 hours prior to 
measurement and the other is measured within 10 minutes of water addition.  The 
viscosity of the swollen microgel suspension is 20 % higher than that of the compressed 
suspension, as shown in Figure 5.9, confirming both the ability of the microgels to re-swell 
and the time limitation.  The results suggest that in the case of the 2.5, 1.5 and 0.5 % 
microgels, under dilute conditions they are able to fully re-swell but when φ0 > 0.5, they did 
not completely recover their original volume.  The three underlying factors affecting re-
swelling are: the degree of de-swelling during centrifugation; the time allowed for re-
swelling; and the limited free water volume.   
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Figure 5.9 Viscosity against stress curves for 1.5 % agarose microgels at 40 w/w % 
centrifuged microgels in water after 10 minutes (solid symbols) and 72 hours (open 
symbols).  Schematic shows microgel swelling over time with the dotted line representing 
the effective phase volume. 
 
Limited swelling has been observed from centrifugation experiments, performed by Taylor 
and Bagley (1975), for Carbopol formulated at high concentration.  Carbopol microgels 
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absorb all the available solvent before reaching their maximum volume at the limited 
swelling transition at the point where cQ = 1, where c is the polymer dry weight 
concentration (g/ml) and Q the swelling ratio (grams of swollen wet polymer /grams of dry 
polymer) with Q = 1000 in solutions of low ionic strength.  Inspection of Figure 5.9 
suggests that deviation from linearity in the linear MPQ for the Carbopol sample occurs 
between φ0 = 0.5 and 0.6.  This matches perfectly with the calculation of the limited 
swelling transition using the approach of Taylor and Bagley (1975); at the point where cQ 
= 1, c = 0.001 g/ml and thus φ0 = 0.51.  This supports the conclusion that limited swelling is 
a likely cause for the observed non-linear behaviour at high phase volume.   
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Figure 5.10 A linear plot of 1/(ηr)0.5 against effective phase volume of Carbopol 934.  The 
medium dash line represents a fit of the MPQ model to the data to give φm. The vertical 
(dash-dot) line is at the point where cQ = 1 above which solvent is limited and the 
microgels cannot reach their fully swollen state. Insert shows the linear MPQ model best fit 
to the Carbopol data on a standard log-log plot. 
 
 
5.5 Concluding Remarks 
It is established here that the viscosity for suspensions of non-colloidal spherical particles 
with moduli > 185 kPa follows hard-sphere behaviour up to the geometric random close 
packing fraction that is predicted independently using the particle size distribution.  The 
analysis has been greatly assisted by re-arranging the MPQ model into a linear equation 
so that a straight line with negative slope is obtained when 1/ηr0.5 is plotted against 
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effective phase volume.  The suspensions containing softer microgels (modulus of 15 kPa 
to 112 kPa) show a non-linear behaviour using the linear MPQ approach and deviation 
from linearity occurs at effective phase volumes above φ = 0.3.  This departure from the 
MPQ model is not an inherent property of the system and particle modulus, but only 
results because the microgels shrink (i.e. lose water) during the centrifugation stage in 
their manufacture.  The effective phase volume is based on the viscosity at low volume 
fractions where microgels re-swell to their maximum extent, but the degree of re-swelling 
decreases with increasing volume fraction.  It is also found that neutral polyacrylate 
microgels, which are formed by hydration of dry powder, show non-linear deviation in the 
linear MPQ at a critical concentration due to limited swelling.  It is concluded that particle 
modulus has minimal influence on the shear viscosity at phase volumes below φm, and that 
deviations from expected hard-sphere behaviour arise from inadequate knowledge of the 
specific volume of the microgels and therefore the “true” phase volume.  It should be noted 
that microgel suspensions at phase volumes in excess of the φm are obtainable due to the 
inherent particle modulus and because the particles alter their volume to accommodate 
neighbouring particles.  In this region the suspension is non-Newtonian and the viscosity is 
highly shear-dependent hence, it becomes no longer appropriate for the MPQ model to 
apply. 
 
It is emphasised that linearisation of the MPQ model is a very simple approach for 
observing deviations of the viscosity from hard sphere behaviour for suspensions of 
spheres ranging from colloidal to non-colloidal, hard to soft, and monodisperse to 
polydisperse. It is particularly powerful when comparing to the MPQ-rcp model.  Note that 
all of the suspensions studied here are effectively non-interacting particles that are not 
highly attractive or prone to aggregate.  Attractive colloids, for example, lead to 
aggregation resulting in a value of φm considerably less than the geometric value as gel-
microstructure can form at low effective phase volumes (Stokes and Frith, 2008).  
Nonetheless, the MPQ-rcp approach can still be used to examine such systems to more 
easily identify where the system deviates from that expected for hard spheres.  This 
methodology is useful for a wide variety of fundamental and industrially relevant 
suspensions.  
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Chapter 6 
The Solid - Liquid Transition Region in Polydisperse Microgel 
Suspensions 
 
 
6.1 Introduction 
Suspensions of soft particles such as emulsions, foams and colloids demonstrate 
rheological behaviour ranging from liquid-like, at low particle volume fraction, to solid-like, 
at high particle volume fraction.  For these suspensions, rheology is significantly more 
complex than that of the more widely studied monodisperse hard spheres due to the 
influence of particle interactions, polydispersity and particle modulus.   
 
It is commonly thought that the onset of jamming or structural arrest of the particles occurs 
at the point where their volume fraction exceeds the maximum packing fraction.  An 
alternative hypothesis has been proposed –that an intermediate region exists above 
random close packing up to jamming where long-range diffusion of particles past their 
nearest neighbours becomes unlikely, as reviewed in Chapter 2.4 and shown in Figure 2.7 
(Sessoms et al., 2009, Lois et al., 2008).  Sessoms et al. (2009) were unable to confirm 
the hypothesis experimentally using their model temperature-responsive colloidal microgel 
suspensions since osmotic and temperature induced swelling caused difficulty in defining 
phase volume accurately.  Due to the difficulty of collecting accurate experimental data in 
this region, there is conjecture around the microstructure and rheology at the transition 
from liquid- to viscoelastic solid state.   
 
This chapter aims to determine the rheology of microgel suspensions beyond φrcp and 
show how this is influenced by particle modulus.  It highlights that, non-colloidal microgel 
suspensions exhibit the rheology of a 'viscoelastic liquid' in the transition region.  The 
MPQ-rcp approach is used with no free fitting parameters to unambiguously define the 
viscous region below the transition zone, as described in Chapter 5.  A Hertzian contact 
model with a single adjustable parameter is used to define the viscoelastic solid region 
where G’ > G”.  This allows the transition region to be defined by two discrete points – the 
random close packing fraction and the jamming fraction. 
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6.2 Materials and Methods 
Microgels with a concentration of 5 % and 1.5 % agarose were made, as previously 
described in Chapter 3, and dispersed in RO water at a range of phase volumes.  Batch 
A11 was washed with Tween and centrifuged prior to dispersing in RO water and dilution 
to the required phase volume was carried out 24 hours in advance.  Batch A12 and A13 
were rinsed in ethanol prior to centrifugation, as described in Chapter 3.1.2.  Dilution to the 
required phase volume was carried out immediately prior to measurement. 
 
Particle size was measured using the Malvern Mastersizer and results show a broad log-
mean-square particle size distribution (σ) with average diameter (d0.5) and surface 
weighted (d4,3) and volume weighted (d3,4) values (µm) shown in Table 6.1.  Rheology 
measurements were carried out on the Haake Mars III, as described in Chapter 3.   
 
Microgel phase volume was determined, as previously described, by fitting to Batchelor’s 
model, shown in Table 6.1.  The MPQ-rcp and Hertzian contact models are applied to the 
high and low phase volume regions (Sections 6.3.1 and 6.3.3) respectively and hence the 
viscoelastic fluid region is unambiguously identified (Section 6.3.2). 
 
Table 6.1 Particle modulus estimated from the shear modulus of an agarose gel disk; k 
values found using Batchelor’s model; and particle size distribution for 5 % and 1.5 % 
agarose microgel  
 Gp (kPa) k (dl/g) d0.5 d4,3 d3,4 σ φrcp φj 
A11 (5%) 234 1.86 8.70 12.0 8.05 0.63 0.75 0.79 
A12 (5%) 234 1.92 6.28 6.80 5.62 0.44 0.69 0.72 
A13 (1.5%) 64.3 7.30 6.20 3.60 2.76 0.52 0.86 0.93 
 
 
6.3 Results and Discussion 
6.3.1 Viscous Behaviour up to Maximum Packing 
The non-colloidal agarose microgel suspensions used here display purely viscous 
behaviour up to φrcp.  Figure 6.1 shows suspension viscosity against stress for a range of 
phase volumes up to φrcp for 5 % agarose microgel suspensions.  Some transient 
behaviour is seen on these curves including a slight increase in viscosity on start-up and 
some evidence of shear thickening, discussed further in Chapter 8.  From each of the 
curves the Newtonian plateau viscosity value is used and plotted against the linear MPQ–
rcp model in Figure 6.2.  Measurement errors are covered in detail in Chapter 3 and errors 
in model choice are covered in Chapter 4.  Errors arising from the choice of Newtonian 
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plateau viscosity compared to the entire measurement range are small, as shown by the 
error bars in Appendix E.  At high volume fraction the choice of zero-shear viscosity value 
makes little difference to the value of φrcp.  For example, for Batch A12 φ = 0.69 (shown in 
Figure 6.2a), viscosity at 1 Pa is chosen, rather than the indicated plateau, there is less 
than 1% change in φrcp. 
 
As discussed in Chapters 4 and 5, the MPQ-rcp model can be used to explicitly define the 
viscosity—phase volume relationship where φrcp is determined using Farr and Groot’s 
method.  This method allows use of the linearised form of the MPQ model with no free 
fitting parameters, shown as the solid line in Figure 6.2.  For these 5% agarose microgel 
suspensions, φrcp = 0.69.  It is found that this value also corresponds to the minimum 
suspension phase volume at which viscoelastic behaviour (indicated by G” > G’) can be 
measured. That is, G’ is not measureable for suspensions where φ0 < 0.69, supporting the 
conclusion that the suspension is purely viscous up to φrcp.  This was a consistent finding 
across the range of microgels studied in this thesis, and it is concluded that agarose 
microgel suspensions are viscous, regardless of particle modulus, for φ0 < φrcp.  Viscous 
behaviour suggests that the diffusion of particles past their nearest neighbours occurs 
within the experimental time scale (Sessoms et al., 2009).   
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Figure 6.1 Viscosity against stress curves with increasing volume fraction for Batch A12 
up to φ = 0.65, with Newtonian (φ = 0.05 to 0.38) or slightly shear thickening (φ = 0.46 to 
0.65) behaviour.  Dashed lines indicate the ‘plateau region’ from which the average 
viscosity was taken for use in the MPQ model.  
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Figure 6.2 The linearised form of the relative viscosity data against phase volume.  
Points are measured data for Batch A12, 5 % agarose microgel.  The line is the MPQ-rcp 
model with φrcp = 0.69. 
 
6.3.2 Viscoelastic Liquid-Like Behaviour from Random Close Packing to Jamming 
At the point where spheres are randomly close packed, the viscosity is divergent and it is 
expected that further increases in phase volume would lead to a solid-like response.  
Instead, for the agarose microgel suspensions used here, there is a region of viscoelastic 
fluid behaviour, as shown in Figure 6.3.  The observation of a fluid-like response suggests 
that, in this region, particle rearrangements are still occurring on a measureable timescale.  
The upper bound of this region occurs at a distinct phase volume where G’ > G” at a 
frequency of ω = 10 rad/s.  This transition point, where suspension rheology changes from 
viscoelastic fluid to solid-like behaviour, is termed the jamming fraction (φj).  Between φrcp 
and φj, suspensions show complex flow behaviour: they are strongly shear thinning and 
shear thickening, as shown in the shear rheology results plotted in Figure 6.3(a) for batch 
A12 and in Appendix E for batch A11 of 5% agarose microgels.  Figure 6.3(b) shows the 
frequency dependent elastic component with G” > G’.   
 
No clear difference has previously been shown between φj and φm, as published work 
commonly uses ‘free fitting’ to determine the maximum packing fraction, and most studies 
utilise colloidal-scale microgels or emulsions which each have limitations (Mason et al., 
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1997, Senff and Richtering, 2000).  The limitation with colloidal-scale synthetic polymer 
microgels is that their phase volume is difficult to define and alters with concentration - 
osmotically de-swelling at high concentration (Seth et al., 2012).  The difficulty with 
concentrated emulsions lies in accurately determining: phase volume; droplet interactions; 
and particle modulus, a function of the Laplace pressure which is particle size dependent.  
Consequently, small changes in suspension rheology are difficult to expose as they are 
dependent on the suspension microstructure, which is influenced by shifting particle 
volume fraction and interaction potential.   
 
Particle interactions are a likely cause of this viscoelastic fluid-like behaviour, specifically, 
very short range, shear induced attractions.  A possible hypothesis for the underlying 
cause of this behaviour is that the microstructure in polydisperse suspensions results in 
deformation and close contact of large microgels while smaller microgels are still freely 
moving past one another.  However, this hypothesis for the underlying mechanism and 
microstructure requires additional investigation using soft spheres with sufficient phase 
contrast to be visible using light microscopy during shear. 
 
6.3.3 Viscoelastic Solid-Like Behaviour Above Jamming 
In the region where G’ > G” and φ0 ≥ φj, viscoelastic solid-like behaviour is observed for the 
5% agarose microgels, as shown in Figure 6.4.  This indicates that there is slow diffusion 
of close packed particles in suspension.  The material in this region can be regarded as a 
soft-material, as it yields and flows when a sufficiently high stress is applied, as shown by 
the flow curves in Figure 6.4(a). In these concentrated suspensions, particle-particle 
interactions dominate and become vital to predicting suspension rheology.  This behaviour 
is difficult to predict as it is complex at high packing fractions where soft particles deform 
where they touch and exert forces on each other (Sessoms et al., 2009, Seth et al., 2011).   
 
The model of Evans & Lips (1990), introduced in Chapter 2.3, is used to predict the 
behaviour of these microgel suspensions with one modification --φj replaces random close 
packing i.e. φrj = φ/φj, as shown in equation 6.1.  φj is the only parameter used in the model 
that has not been determined independently; it is taken at the clearly defined phase 
volume where G’ crosses above G” at ω = 10 rad/s and is listed in Table 6.1. 
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Figure 6.3 5% agarose (A12) suspensions above φrcp showing: (a) Viscosity against 
stress curves showing strongly shear thinning behaviour at low and high stress and shear 
thickening at moderate stress; (b) G’ (open) & G” (filled) against frequency (rad.s-1) with 
increasing phase volume showing viscoelastic liquid-like behaviour with G” higher than G’. 
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The other parameters in the model are: Gp , assumed to be equal to the shear modulus of 
an agarose gel disk, shown in Table 6.1; Poisson’s ratio (ν) of 0.45 is estimated for 5 % 
agarose microgels and ν = 0.38 was estimated for 1.5 % agarose.; and the number of 
nearest neighbours, n = 10 as determined by Rognon et al. (2011) through discrete 
element simulation of packed suspensions of non-colloidal elastic spheres. Poisson’s ratio 
is estimated based on the literature suggesting ν of hydrogels is dependent on cross-link 
density and falls in the range 0.38 to 0.49 (Chippada et al., 2010, Chen et al., 2013). 
 
6.3.4 The Three Regimes; From Low to High Phase Volume 
Figures 6.5 to 6.7 show ηr and G’ & G” against φ0.  Three distinct regimes—viscous, 
viscoelastic fluid and viscoelastic solid—are shown.  These plots include predictions of the 
viscous regime using the MPQ-rcp model with no free fitting parameters, and of the 
viscoelastic solid regime using the Evans and Lips model with one adjustable parameter 
(φj).  This plot is analogous to that shown in Figure 2.7 published by Sessoms et al. (2009), 
with the advantage here that measurements at high and low phase volume are completed 
on the same model system.  Figures 6.5 to 6.7 (regime I) show the measured viscosity 
data is accurately predicted by the Quemada model for 5% and 1.5% agarose microgels 
with no free fitting parameters up to φrcp.   
 
Viscoelastic fluid behaviour is observed at φrcp ≤  φ0 ≤ φj.  Regime II is significantly wider for 
the softer 1.5% agarose microgels, which may indicate that these soft microgels are being 
compressed (and losing volume due to water loss) as suspension concentration increases, 
which may be a function of particle poro-elasticity.  
 
Figure 6.5 (regime III) shows the viscoelastic-solid regime with predictions using the Evans 
and Lips model.  The model provides an excellent fit to the data.  This suggests that this 
model, based on Hertzian contact mechanics, is an accurate predictor of suspension 
rheology for concentrated, non-colloidal soft particle suspensions.  However, Figure 6.6 for 
another batch gives only a qualitative prediction.  To accurately predict the measured G’, 
the particle modulus would be half of that originally used which corresponds to an agarose 
concentration inside the microgel of 2.1%. This is unrealistic for a microgel manufactured 
at 5% agarose concentration.  Changing ν and n by 10 % affects G’ in the plateau region 
by only 12 and 11 %, respectively.  However, the range selected to give real physical 
meaning for these values is limited and they cannot be changed enough to improve the 
model prediction.   
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Figure 6.4 Agarose microgel suspensions above φj at showing: (a) viscosity as a 
function of shear stress showing distinct yielding behaviour; (b) G' (open) and G' (filled) as 
a function of angular frequency.   
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Figure 6.5 Relative viscosity and suspension G’ and G” against φ0 for 5 % agarose 
microgels with a tween washing step, batch A11. Regions are; (I) viscous behaviour from 
low phase volume φ0 < φrcp; (II) a viscoelastic liquid-like transition region φrcp ≤ φ0 ≤ φj; and 
(III) solid-like behaviour φ0 > φj.  G’ & G” values are at ω = 9.2 rad.s-1, ν = 0.45. 
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Figure 6.6 Relative viscosity and suspension G’ and G” against φ0 for 5 % agarose 
microgels with an ethanol rinse (batch A12),.  Regions are; (I) viscous behaviour from low 
phase volume φ0 < φrcp; (II) a viscoelastic liquid-like transition region φrcp ≤ φ0 ≤ φj; and (III) 
solid-like behaviour φ0 > φj.  G’ & G” values are at ω = 10 rad.s-1. ν = 0.45 Adjusted G’ 
predictions have been multiplied by a factor of 0.46.  
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Figure 6.7 shows that, for softer 1.5% agarose microgels, the model overestimates the 
suspension modulus by almost an order of magnitude.  This discrepancy is not surprising 
as, due to particle softness, several complicating factors arise.  At high phase volume, 
1.5% agarose may plastically deform in addition to the Hertzian elastic deformation.  From 
a comparison of hard (5% agarose) and soft microgels (1.5% agarose), we can see that 
particle modulus strongly influences suspension rheology for φ0 > φj.  An increase in GP 
from 64 to 234 kPa results in two orders of magnitude difference in suspension modulus.  
Softer particles result in a significantly lower suspension modulus than that predicted by 
Hertzian contact theory. 
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Figure 6.7 Relative viscosity and suspension G’ and G” against φ0 for 1.5 % agarose 
microgels with an ethanol rinse (batch A13).  Regions are; (I) viscous behaviour from low 
phase volume φ0 < φrcp; (II) a viscoelastic liquid-like transition region φrcp ≤ φ0 ≤ φj; and (III) 
solid-like behaviour φ0 > φj.  G’ & G” values are at ω = 10 rad.s-1. ν = 0.38.  Adjusted G’ 
predictions have been multiplied by a factor of 0.07. 
 
For the Evans and Lips model to quantitatively describe suspension modulus, an 
additional parameter is required in the model.  To obtain an accurate (though qualitative) 
prediction for the modulus of 5% (A12) and 1.5% agarose suspensions, the predicted G’ 
can be multiplied by 0.46 and 0.07 respectively, as shown in Figures 6.6 and 6.7.  The 
adjusted curves fit the data perfectly, indicating that the basis of the model may be sound.  
This is further substantiated by the strong fit, without any adjustments, for the microgels in 
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Figure 6.5.  The mechanism for the observed differences in the shift factor is unclear.  
These results may indicate that the model is less able to quantitatively predict the modulus 
for softer particles.  This could be due to the poro-elastic nature of the microgels rather 
than purely elastic spheres that the model assumes.  Poro-elasticity results in the solvent 
being squeezed out of the microgels when the spheres are under compressive stress.  For 
1.5 % agarose, the polymer density and thus porosity is lower than for the 5 % agarose 
microgels, thus they may be more prone to effects associated with poro-elasticity.   
 
The quantitative differences between the two batches of 5% agarose may be caused by; 
the two slightly different washing procedures; or the differences in re-swelling time prior to 
measurement, as described in section 6.2.  The washing methods potentially affect the 
efficiency of oil and surfactant removal and any residual fluid will affect the adhesion and 
lubrication between particle surfaces.  The effect on G’ from residual surfactant (Tween 
60), ethanol or oil is shown for a 5% agarose sample in Figure 6.8.  It is found that residual 
oil increases suspension modulus substantially, which is associated with a capillary-
bridging.  However, there is no significant effect (< 10% change in G’) where residual 
ethanol or Tween 60 is present.  In light of this result, it is possible that residual oil may 
have been present in the A11 batch of 5% microgels; this would assume the Evans and 
Lips model over-predicts that experimental data. Therefore, there are additional particle 
interaction parameters required in the model to completely describe suspension behaviour. 
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Figure 6.8 Microgel pastes at 90% phase volume diluted with 5 % by volume: water, 
ethanol, oil or 1% Tween 60 in water.   
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6.4 Concluding Remarks 
Experimental evidence is shown here for the existence of a viscoelastic fluid region which 
has not previously been seen or well defined.  This experimental evidence is supported by 
the use of existing models for the viscosity-phase volume and suspension modulus–phase 
volume without free fitting parameters.  Three distinct regions are seen with boundaries 
defined using the random close packing fraction from particle size distribution and the 
crossover of G’ and G” to give φrcp and φj respectively.  The significant increase in 
suspension modulus with increased agarose concentration within the particle 
demonstrates the effect of particle modulus on suspension rheology above random close 
packing.  Suspension modulus, predicted using Hertzian mechanics, is larger than 
measured for 5 % agarose microgels and significantly larger for the softer 1.5 % microgels.  
The model of Evans and Lips qualitatively describes the behaviour of these suspensions 
above jamming.  It is able to predict quantitatively in the case of batch A11 with residual oil 
in the suspension.  For the two batches cleaned with ethanol, 5 % and 1.5 % agarose, 
quantitatively it is a very poor predictor of particle suspension modulus.  Particle-particle 
and particle-surface interactions are likely to affect suspension modulus and require further 
investigation.  Identifying the small changes in suspension properties, such as addition of a 
small volume of oil, would allow tuning of suspensions to give the required rheological 
behaviour.  The model of Adams et al., introduced in Chapter 2, which was developed 
empirically for agar microgels that carry a small charge, is an alternative to the Evans and 
Lips model.  However, their model does not qualitatively predict the suspension modulus 
of these agarose suspensions.   
 
This picture of suspension rheology for a non-colloidal soft particle suspension across the 
complete range of phase volume from dilute to concentrated suspensions will facilitate 
development of products with a specific rheological profile in industrial applications from 
foods to pharmaceuticals to industrial paints and coatings.  
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Chapter 7 
Predicting Slip in Biopolymer Microgel Pastes 
 
 
7.1 Introduction 
Slip of soft particle pastes arises from the depletion of particles from a solid surface; this 
results in a low viscosity boundary layer between the surface and the particles in 
suspension (Barnes, 1995).  When slip is present, the apparent viscosity of a suspension 
is significantly lower than that expected for the no-slip boundary condition.  Identifying the 
presence of slip is critical to ensuring accurate rheological measurements and also for 
predicting the flow of a wide range of industrial and naturally occurring suspensions.  The 
aim in this chapter is to determine how particle modulus affects slip of non-colloidal 
agarose microgel suspensions.  The presence of slip is also investigated in large 
amplitude oscillatory shear (LAOS) as it has been suggested that slip can be easily 
identified from analysis of the harmonics without requiring measurements at more than 
one gap or on both slip and non-slip surfaces. 
 
During slip of soft particle suspensions, flow is non-homogeneous with significant 
differences in flow rate and particle deformation at the wall compared to the bulk 
suspension (Seth et al., 2008).  The low viscosity boundary layer (or slip layer) formed 
between particles and the wall has a more significant effect on apparent suspension 
viscosity with increasing particle size, at higher suspension viscosities; and at smaller gaps 
(Barnes, 1995, Buscall, 2010).  Slip is also influenced by interactions between the surface 
and particle at low applied stresses (τ < τy) (Seth et al., 2008).   
 
As presented in Section 2.5, Meeker et al. (2004a, 2004b) studied slip in pastes of 
deformable colloidal microgel particles and proposed a mechanism based on 
elastohydrodynamic lubrication (EHL).  EHL occurs when soft particles deform and 
develop flat facets at hard surfaces under shear.  The increase in area of the particle 
promotes hydrodynamic lubrication and a force on the particles normal to the flow 
direction.  The thickness of the slip layer (hs) that results is thus dependent upon the 
balance between lift forces and the repulsive forces generated by the particle trying to 
regain sphericity; these forces are dependent on the particle elastic modulus.  The slip 
velocity, Vs = 2hs( layerγ& - bulkγ& ), is defined as a function of hs and the difference between the 
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shear rate in the slip layer ( layerγ& ) and in the bulk suspension ( bulkγ& ).  The model predicts 
that the characteristic slip velocity (V*), which is the slip velocity in the region 1 < τ/τy < 1.5, 
where slip velocity is not a function of shear rate (Meeker et al., 2004a).  V* is a function of 
the particle modulus (Gp) and radius (R0) as well as suspension modulus (G0) solvent 
viscosity (ηs) and yield strain (γy = τy/G0) (Meeker et al., 2004a):   
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This model has previously been shown to be applicable to pastes of colloidal microgels 
(Seth et al., 2008).  However, this does not conclusively support the model as these 
systems are susceptible to osmotic effects which alter Gp as a function of suspension 
concentration.  The purpose of this study is to test the EHL model using non-colloidal scale 
microgels of known modulus to confirm the dependence of slip velocity on Gp.   
 
An emerging area of interest in rheology is in LAOS which probes the material response 
out of equilibrium.  Unlike steady shear the material is periodically returned to the same 
state of deformation without necessarily having time to relax (Mohan et al., 2013).  It has 
been suggested that due to the out-of equilibrium response, LAOS gives more information 
about the suspension microstructure than equilibrium shear rheology or small amplitude 
oscillatory shear (SAOS).  In LAOS it is common to interpret the presence of even 
harmonics, indicating a dissymmetry in the response between the positive and negative 
parts of the oscillation, to mean that slip is present (Atalik and Keunings, 2004, Renou et 
al., 2010, Ozkan et al., 2012).  The hypothesis investigated here is that LAOS waveforms 
and harmonic analysis can be used to identify the presence of slip.  
 
 
7.2 Method 
The standard microgel manufacture methods were followed as presented in Chapter 3, 
using ethanol for the washing step. Particle size was measured using dynamic light 
scattering.  Results show a highly polydisperse suspension with an average diameter, 
calculated using the Contin method, of 1.0 µm and a polydispersity index (PDI) of 0.32 (φrcp 
= 0.67).  Mastersizer measurements show d0.5 of 5 µm and a log mean square particle size 
distribution of 0.4 (φrcp = 0.67).  .  This difference between the DLS and Mastersizer 
methods may be due to the: the difference in the underlying assumptions in the two 
measurement techniques and the very small difference in refractive index between the 
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particles and the water.  DLS relies on particle movement by Brownian motion and so is 
better suited to smaller particles ~ 1 µm or less.  In comparison, the Mastersizer uses laser 
diffraction and suspensions are moving, thus larger particles are measureable.  The 
Mastersizer result is used for the remainder of this work as it is comparable to previous 
chapters.  In this chapter it is not necessary to define suspension phase volume.  Instead, 
relative concentrations of the particle suspensions used - defined as wet weight percent of 
microgels in water.  5 concentrations are investigated, 70, 75, 80, 85 and 90% agarose 
microgels.  These are all above the jamming fraction with G’ > G”.  
 
7.2.1 Rheology 
The rheological measurements were carried out on the stress controlled rotational 
rheometer MCR 501 from Anton Paar.  In all studies on slip behaviour it is necessary to 
have a benchmark non-slip case using a roughened surface with roughness of at least the 
same order as the particle size.  We investigated a range of sandpaper and sandblasted 
surfaces and determined that both the sandblasted surface provided by Anton Paar on 
their cone and plate geometry, which has a roughness of the order of 20 µm and wet/dry 
120 grit sandpaper, are sufficient to prevent slip.  A roughened 25 mm cone is used in 
combination with a bottom plate that was either: roughened; made hydrophobic by 
covering with ScotchTM tape - a polymer film derived from cellulose acetate (contact angle 
of water on the surface is 80 degrees); or made hydrophilic by attaching a silicon wafer 
(contact angle of water on the surface is 13 ± 3 degrees).  These surfaces were prepared 
as described by Seth et al. (2008).  To ensure all samples had the same shear history, all 
suspensions were sheared from 0.05 to 500 s-1 in 21 linear steps using 30 seconds per 
point.  The reported values of shear stress and apparent viscosity were then measured by 
decreasing shear rate from 500 down to 0.05 s-1. This step was critical as these 
suspensions show some dependence upon shear history and time, investigated in Chapter 
8.  Oscillatory measurements were completed by running a strain sweep from 0.01 to 1000 
% with ω = 1 rad/s.  LAOS data was collected using the Rheoplus software. 
 
 
7.3 Results and Discussion 
The Herschel-Bulkley model (equation 7.2) is fitted to the results obtained from rough 
surfaces when there is no slip present to determine a yield stress (τy) and describe the 
shear thinning behaviour in terms of a power law relationship.  The results are shown 
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graphically for 1.5 % microgels at 90 w/w% in Figure 7.1.  All concentrations are shown 
numerically in Table 7.1. 
B
y K+= γττ &           (7.2) 
The value of B is approximately 0.5, which is a similar value to that observed for colloidal 
microgels (Seth et al., 2008, Meeker et al., 2004a, Meeker et al., 2004b).   
 
Using a smooth bottom plate, apparent slip behaviour is observed that results in a 
significantly lower shear stress at shear rates below ~10 s-1.  The hypothesis is that slip is 
controlled by EHL.  For aqueous agarose microgel suspensions, a similar level of slip is 
evident on both hydrophobic (scotch tape) and hydrophilic (silicon) surfaces, as shown in 
Figure 7.1.  The discussion in the remainder of this work uses the hydrophilic silicon 
surface as it is completely wetted by the continuous phase of the suspension.  Table 7.1 
also shows the critical shear rate, marked with an arrow in Figure 7.1. Above shear rates 
at which slip does not occur on the silicon surfaces, the curves for rough and smooth 
surfaces are equivalent within experimental error.  The critical shear rate increases with 
increasing concentration, as observed for colloidal microgels (Seth et al., 2008). 
 
7.3.1 Influence of Suspension Concentration and Particle Size 
In the absence of slip, the shear stress against shear rate curves are normalised for the 5 
concentrations using τy and G0 to collapse into a single curve, as shown in Figure 7.2.  
The curves at each of the 5 concentrations for the slip and no-slip case are shown in 
Appendix F, Figure F.1.  The collapse of the data shows that the effect of concentration is 
a function of τy and G0, in agreement with data for colloidal scale microgels and emulsions 
(Seth et al., 2012).   
 
To investigate the effect of Gp during slip, the Meeker Model (Meeker et al., 2004a, 
Meeker et al., 2004b), as stated in equation 7.3 is used to predict the slip velocity of 1.5 % 
agarose microgel suspensions by fitting sliding yield stress (τ’y) and the exponent (α).  V* 
is calculated using equation 7.1 with known values of the Gp (estimated from an agarose 
gel disk); this is in contrast to previous studies where Gp is poorly defined thus V* is an 
additional fitting parameter.   
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The curves for Vs as a function of τ calculated using equation 7.3 are compared with the 
data up to τy, as shown in Figure 7.3 with the values for the variables used in the model 
listed in Table 7.1.  Above τy, flow due to shearing is large compared to the flow due to 
slip, this violates the assumption of the model that flow is entirely due to slip, i.e. that no 
hydrodynamic flow is involved (Seth et al., 2008).  The Meeker model fits the data with 
reasonable accuracy up to the τy for all concentrations.  The values of τ’y from the fitting 
method are ~ 10% lower than those found from the intercept of the measured data with the 
shear stress axis i.e. as γ&  → 0; this difference is likely to be a result of the extrapolation 
method especially as there is some curvature seen in the data at low shear rates, as 
shown in Figure 7.1 where the data points below shear rates of 0.1 s-1 curve upwards 
above the values predicted from the Herschel Bulkley model.  Analogous to the shear 
rheology in the no-slip condition, the difference observed in the slip velocity with 
suspension concentration is simply a function of GP. 
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Figure 7.1 Shear stress against shear rate for 1.5 % microgels at 90 w/w% on rough, 
hydrophobic and hydrophilic surfaces.  The vertical line indicates the critical shear rate 
below which slip occurs.  The solid line represents the fit of the Herschel-Bulkley model 
with B = 0.38, τy = 65.41 and K = 11.97.   
 
7.3.2 Influence of Particle Modulus on Slip Behaviour 
The influence of particle modulus on slip behaviour has not been widely investigated in the 
literature due to difficulty in accurately determining Gp, particularly for colloidal scale 
particles.  Here, agarose particles with a particle modulus estimated from the shear 
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modulus of an agarose gel disk (64 kPa) are compared with colloidal particles with a value 
for Gp of ~18 kPa, estimated from G0 (Seth et al., 2006, Seth et al., 2008).  In Figure 7.4 it 
is shown that there is a power law relationship between τ’y and G0 with a slope of 2/3.  For 
1.5 % agarose microgels (on silicon), τ’y increases linearly with the paste shear modulus 
as previously found for colloidal microgels on both gold and silicon surfaces (Seth et al., 
2008).  This slope of 2/3 supports the hypothesis that EHL is occurring in both cases.  
During EHL, the relationship between GP and G0 is found from the compression ratio (ξ) of 
the particle which is a balance of the osmotic pressure of the paste pushing the particle 
against the wall and the reactive force of the particle, proportional to G0 and GP 
respectively, according to (Meeker et al., 2004a): 
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To determine if the relationship between τ’y and G0 is a function of Gp, τ’y can be 
normalised by Gp, as shown in Figure 7.4(b), collapsing the microgels of differing moduli 
onto one another, within experimental error.  This shows that slip is a function of particle 
modulus independent of particle size scale and allows prediction of τ’y from the suspension 
modulus on surfaces where there is: complete wetting by the matrix phase on the surface; 
and repulsive particle-wall interactions. 
 
γηs/G0
10-7 10-6 10-5 10-4 10-3 10-2
τ/ τ
y
100
101
.
70%
75% 
80% 
85%
90%
Normalised Herschel-Bulkley  
 
Figure 7.2  Normalised curves for each agarose microgel suspension concentration 
showing collapse in the absence of slip.  Line is the Herschel-Bulkley model for the 80% 
microgel suspension.  
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Table 7.1 Summary of critical points for onset of slip.  The first five points are found 
from plotting measured data, V* is calculated using two methods from the measured data. 
The fitted parameters are shown from both the Herschel Bulkley and the Meeker Model. 
 
Figure 7.3  Slip velocity against shear stress showing the Meeker model up to τy, with τ'y 
and the exponent α as fitting parameters to describe slip behaviour on the silicon surface 
at microgel paste concentrations from 70% to 90% agarose microgel concentration. 
 70% 75% 80% 85% 90% 
Yield stress (τy, Pa) 3.6 5.9 9.1 21.7 30 
Critical shear rate ( cγ& , s-1) 0.7 1.5 1.2 5 15 
Suspension modulus (G0, Pa) 68 98 225 518 500 
Yield strain ( yγ , -) 0.050 0.055 0.055 0.060 0.055 
Sliding Yield Stress (τ'y, Pa) (extrapolation) 2.5 6.8 11 30 30 
V* = cγ& *gap (m/s) 0.003 0.001 0.001 0.002 0.007 
V* (equation 7.1) (m/s) 0.004 0.007 0.012 0.024 0.020 
Herschel-Bulkley Model (equation 7.2) 
Flow index (B) 0.61 0.60 0.56 0.50 0.46 
Consistency (K) 0.69 0.93 1.41 3.22 4.27 
Meeker Model (equation 7.3) 
τ'y  (fitted) (Pa) 1.95 2.80 4.72 7.15 7.65 
α  1.07 0.92 0.56 0.69 1.09 
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Figure 7.4 (a) Plot of sliding yield stress (τ’y) against suspension modulus (G0) for 1.5 % 
agarose microgels on a silicon surface and colloidal microgels on a both gold and silicon 
surfaces from Seth et al. (2008). The line shows sliding yield stress increasing linearly with 
the paste shear modulus with an exponent of 0.66. (b) Sliding yield stress is normalised 
using the particle moduli 64 kPa for agarose microgels and 18 kPa for colloidal microgels. 
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7.3.3 Influence of Slip During Large Amplitude Oscillatory Shear 
Research into slip during LAOS has been carried out with the aim of finding a parameter 
which unambiguously identifies the presence of slip without the need to measure at 
multiple gaps.  It is not uncommon to see the appearance of second order harmonics used 
as confirmation that slip is present.  This is despite theory that the appearance of second 
order harmonics simply indicates inhomogeneous flow is occurring, including: slip, 
secondary flows and edge fracture (Hyun et al., 2011, Ewoldt et al., 2010).  In addition, it 
has been shown in SAOS that where slip layer thickness is independent of shear rate the 
presence of slip cannot be identified from the waveform (Yoshimura and Prud'homme, 
1988b).  The influence of slip is investigated in both small and large amplitude oscillatory 
measurements and critical points for onset of slip are determined for comparison with 
those from steady shear.  Evidence is shown that the absence of even harmonics is not 
necessarily a clear indicator for the absence of slip.  Finally the LAOS measurements are 
reviewed using Lissajous-Bowditch curves (refer to Chapter 2) and higher order harmonics 
to determine the influence of slip on data interpretation from these non-equilibrium 
measurements. 
 
A strain sweep at 5 paste concentrations, on both roughened and hydrophobic silicon 
surfaces, is shown in Figure 7.5 for 80% pastes and in Appendix F, Figure F.2 for other 
concentrations.  For all paste concentrations, on both rough and silicon surfaces, G’ and 
G” are in the linear viscoelastic region (LVR) up to a strain of 1%.  In this region, the stress 
measured on rough and smooth plates show differences of up to 36%, significantly greater 
than experimental error, which indicates that even at low strains in the LVR slip is an 
important consideration.  Above the LVR there is an obvious peak in G” that is significantly 
different in the slip and no-slip cases.  The peak in G” has been widely reported for 
suspensions of both hard and soft particles and is known as the weak strain overshoot 
(Hyun et al., 2011).  For particle suspensions with repulsive interactions, the overshoot 
occurs due to localized particle motions that lead to increased dissipation (Mohan et al., 
2013).  Unfortunately this information alone is not enough to describe the suspension 
microstructure.  During slip, the peak in G” and the cross over between G’ and G” appear 
to occur at a lower strain, i.e. the apparent yield point occurs earlier.  This is analogous to 
the τy and τ’y obtained under no-slip and slip conditions respectively.  It is also useful to 
compare the stress from the strain sweep with that from steady shear measurements, it is 
shown in Figure 7.6 that the peak is not visible.  This would suggest that its appearance is 
due to the material being out of equilibrium in LAOS (> 1 % strain).  The shear stress 
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above which slip does not occur is determined from both LAOS and steady shear 
measurements and found to increase with increasing suspension concentration.  It is 
comparable for the two measurement techniques, for example for 80% microgel 
concentration it occurs at 800% strain as shown in Figure 7.5.   
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Figure 7.5  G’ and G” against strain (%) and stress against strain at a paste 
concentration of 80% comparing the rough and silicon surfaces.   
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Figure 7.6 Stress (Pa) against shear rate (1/s) for agarose microgels at 80% 
concentration for comparison of onset of slip behaviour in both oscillatory (open symbols) 
and shear (filled symbols) measurement.  Comparing the rough (squares) with the silicon 
(circles) surfaces we can see that there is a high shear rate limit above which slip has a 
negligible effect.   
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Lissajous-Bowditch curves are used to qualitatively inspect the material response to 
LAOS, as discussed in Chapter 2.  Figure 7.7 compares the response from roughened and 
silicon surfaces for 1.5 % agarose microgels at 90% concentration.  We can see that there 
are differences in the response from the two surfaces with the response altering with 
increasing strain: from elastic at γ  = 1 as expected in the LVR (Figure 7.7(a)); to a slightly 
non-linear viscoelastic response at γ  = 10 (Figure 7.7(b)); and approaching a plastic 
yielding response at γ  = 100 (Figure 7.7(c)).   
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Figure 7.7  Elastic Lissajous-Bowditch curves – Stress against strain - for 90% microgels 
on rough and silicon plates. 
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To gain more insight into the differences between the two curves we need to inspect the 
harmonics to find more quantitative results.  We plot the intensity of the 2nd to 5th order 
harmonics from LAOS on rough and hydrophilic surfaces, as shown in Figure 7.8 for 80% 
pastes and in Appendix F, Figure F.3 for other concentrations.  The striking features of 
these plots are: non-linearity, identified by the appearance of the third harmonic, appears 
at 1% strain (at the end of the LVR); the fifth harmonic appears later and; the second 
harmonic is not rigorously zero.  By comparing the slip and no-slip cases we can identify a 
distinct decrease in intensity of the odd harmonics at large strain on the silicon surfaces.  
This effect is increasingly pronounced at higher suspension concentration.  The even 
harmonics are small but measureable in both rough and smooth cases.  They could be 
artefacts due to a low signal to noise ratio or a product of inhomogeneous flows.  As the 
second harmonic is most pronounced in the highly shear thinning region immediately after 
yield, it is likely that the second order harmonic is associated with yielding.  Distortion of 
the material at the edge of the plate may also occur during yield, a secondary flow effect 
which produces the 2nd harmonic.  This finding strongly suggests that even harmonics can 
be present in the absence of slip and, vice-versa, even harmonics can be absent where 
slip is present. From this it is concluded that harmonic analysis alone is not sufficient for 
confirming the presence or absence of slip. 
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Figure 7.8 Strain (%) against intensity for the 2nd to 5th harmonics on both roughened 
and silicon plate surfaces for 80% suspension.  The intensity is an arbitrary value with 
respect to the first harmonic.  
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7.4  Concluding Remarks 
It is shown here that there are no significant differences in slip behaviour between colloidal 
scale soft particles and non-colloidal scale particles.  Elastohydrodynamic lubrication 
theory (Meeker et al., 2004a, Meeker et al., 2004b, Seth et al., 2008, Seth et al., 2012) has 
been applied to both sets of particles for an accurate prediction of the slip velocity.  This 
calculation clearly shows the dependence of slip velocity on Gp.  Comparison of the 
colloidal ethyl acrylate/methacrylic acid microgels (Gp ~18 kPa) (Seth et al., 2008) and 
non-colloidal agarose microgels (Gp = 64 kPa) show that they follow the same modulus 
dependent prediction of slip behaviour.  This work supports the hypothesis that slip is 
dependent on Gp and independent of particle size scale (colloidal or non-colloidal).  To 
complete the work, comparison with agarose microgels with a higher modulus should be 
carried out.  This was outside of the scope of the current work due to shear thickening of 
the harder agarose particle suspensions, as discussed in Chapter 8. 
 
Large Amplitude Oscillatory Shear (LAOS) is becoming more popular and widely used to 
examine suspension rheology.  Here, the commonly held belief - that second harmonics 
appear during slip and are a clear indicator that slip is occurring - has been revisited.  
Harmonic analysis was used to show that although second harmonics can be present 
during slip other non-homogeneous flows such as yield stress and edge fracture are 
equally likely to be the underlying cause.  This analysis confirms that slip behaviour must 
be identified and eliminated during steady shear measurements, as it cannot easily be 
identified or accounted for during LAOS. 
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Chapter 8 
Shear Thickening and Thixotropy of Biopolymer Microgel Suspensions 
 
 
8.1 Introduction 
The microgel suspensions investigated in this thesis have shown shear and time 
dependent behaviour at high shear rates.  In previous chapters, potential anomalies were 
minimised by pre-shearing the samples at 10 s-1 and focussing on low shear rheology, 
linear viscoelastic properties and slip at moderate shear rates.  This chapter explores 
shear thickening and thixotropy.  This includes the observation that the viscosity and 
storage modulus (G’) of microgel pastes increases with increasing shear rate but does not 
return to its initial state on cessation of shear.  To the contrary, G’ continues to increase 
after shearing is stopped, indicating structure build-up.  These phenomena are explored 
experimentally to investigate the apparent dependence on particle modulus.  
  
Shear thickening is widely observed in flowing concentrated suspensions of hard particles.   
In some instances, the viscosity increases to such an extent at a critical shear rate that the 
suspension effectively becomes solid.  This transition from fluid to solid under shear 
presents problems during pumping, mixing and similar industrial situations (Barnes, 1989), 
but it is also being exploited, for example, in the development of impact resistant liquid 
body armour (Wagner and Brady, 2009, Barnes, 1989).  The detailed mechanisms for 
simple shear thickening are still under debate, and are difficult to predict, but is considered 
to be dependent on particle properties: size; modulus; friction associated with surface 
structure; and inter-particle forces (Barnes, 1989, Frith et al., 1996, Wagner and Brady, 
2009).  For dense non-Brownian suspensions, particle-particle friction has recently been 
shown by simulation to be the dominant force driving shear thickening (Seto et al., 2013, 
Heussinger, 2013, Fernandez et al., 2013), as discussed in detail in Chapter 2. 
 
The added complexity of time dependent rheology is readily explained for colloidal 
suspensions as the balance between shear forces and the restoring forces of Brownian 
motion in colloidal suspensions.  For larger particles, where Brownian motion is absent, it 
has been found that the structures formed or broken over time with shear are not restored 
or that the apparent structure is caused by measurement conditions.  For example, shear 
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induced migration is shown by Fall et al. (2010) to occur at an accelerated rate in the 
inertial regime of concentrated suspensions of 40 µm beads. 
 
Shear thickening is rarely reported in soft particle suspensions, suggesting that particle 
softness prevents shear thickening from occurring.  Often, where shear thickening has 
been investigated, particle modulus cannot be adjusted independent of other suspension 
properties.  Frith et al. (1996) find that the critical shear rate for the onset of shear 
thickening is reduced with increasingly hard particles, deduced from the collapse of the 
stabilising layer on their colloidal PMMA particles which also affects particle attraction and 
phase volume.  Adams et al. (2004) used non-colloidal agar particles, which carry a small 
positive charge, and noted the presence of shear thickening in the hardest particle 
suspensions only, although no detailed analysis was reported.  Shear thickening was 
demonstrated by Frith and Lips (1995), in suspensions of non-colloidal agar and agarose 
particles, and shown to be dependent on both the suspension phase volume and salt 
concentration.  Addition of salt to agarose particle suspensions screened the slight 
repulsive charge between the particles and allowed aggregation and shear thickening.  
Shear thickening of agarose microgels was not observed in de-ionised water. 
 
In this work the influence of particle elasticity on shear induced rheological behaviour is 
investigated, including the onset and severity of shear and post-shear structuring.  It is 
hypothesised that particle elasticity affects the microstructure and shear thickening 
rheology due to its effect on inter-particle friction, which is described by the 
elastohydrodynamic model for soft particle lubrication.   
 
 
8.2 Materials and Methods 
All methods are discussed in Chapter 3.  Detailed methods, presented here, describe the 
additional oil removal step and use of the Anton Paar rheometer.  Microgel manufacture 
was carried out at 5 and 1.5 wt % agarose concentration following the emulsion gelation 
route.  This gave a particle modulus, estimated from the shear modulus of an agarose gel 
disk, of 277 kPa and 64 kPa for 5 % and 1.5 % agarose respectively.  In addition to the 
standard method of microgel manufacture and oil removal using either tween or ethanol 
with centrifugation, one portion of batch of A12 and batch A13 microgels (labelled A12c 
and A13c) were further purified by soaking in Chloroform overnight to remove all residual 
oil followed by 3 water washes.  The treatment applied to each batch is listed in Table 8.1 
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Phase volume of these microgel suspensions was determined using Batchelor’s equation 
and random close packing found from particle size distribution as described in Chapter 
5.2. Results are listed in Table 8.1.  The jamming fraction (φj), described in Chapter 6 as 
the cross-over of G’ above G”, is also listed in Table 8.1.  Phase volumes are reported as 
relative phase volume, φr = φ/φrcp. 
 
8.2.1 Particle Size Measurement 
Particle size was measured using the Mastersizer.  The particle size distribution is shown 
in Figure 8.1 and details about the average particle size (d0.5), the log mean particle size 
distribution (σ) and the random close packing fraction (φrcp) are listed in Table 8.1.  
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Figure 8.1 Particle size distributions for the three batches of microgels at 5 % and one 
batch at 1.5% agarose concentration 
 
Table 8.1  Shows 5 microgel batches, the method used to remove oil (cleaned), 
agarose weight percent in the microgel and the average particle size (d0.5), the log mean 
particle size distribution (σ) and the random close packing fraction (φrcp) predicted from the 
model of Farr and Groot (2009).  The jamming fraction (φj) is also shown. 
 Cleaned Agarose wt % D0.5 σ φrcp φj 
A10 Tween 5 11.7 0.35 0.67 0.74 
A11 Ethanol 5 8.7 0.63 0.73 0.79 
A12 Ethanol 5 6.3 0.44 0.69 0.73 
A12c Chloroform 5 6.3 0.44 0.69 0.73 
A13c Chloroform 1.5 3 0.52 0.71 0.93 
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8.2.2 Rheology  
The rheological measurements were carried out on two different rheometers under 
variable conditions for pre-shear, gap, and shear stress or shear rate controlled 
measurements.  Details for each set of measurements are specified in the figure captions.  
A stress controlled rotational rheometer MCR 501 from Anton Paar was used to measure 
batch A12 with 20 mm parallel plates coated with wet/dry 120 grit sandpaper to prevent 
slip.  A 1 mm gap was chosen to avoid confinement of the particles and gap errors from 
the sandpaper surface.  To ensure all samples had the same shear history all suspensions 
were sheared in rate controlled mode from 0.05 to 500 s-1 in 21 steps using 30 seconds 
per point.  A set of shear rate sweeps were run with interruptions to give the linear 
viscoelastic measurements at 0.05, 0.5, 5, 50 and 500 s-1, (6 points per decade, 30 s per 
point) during each decade increase and decrease in shear.  The Haake Mars III was used 
in stress controlled mode with 35 mm parallel plates. These measurements were preceded 
by a shear rate controlled step shearing at 10 s-1 for 60 s followed by 60 s rest time.  
Surfaces used were either smooth or sandblasted to a roughness of 1 µm and used at a 
gap of 0.3 mm for low concentration, viscous, suspensions or roughened by coating with 
120 grit wet/dry sandpaper for pastes and used at 0.8 mm gap as noted in figure captions.   
 
Small angle light scattering measurements were carried out on the ARG2 rheometer from 
TA Instruments with the SALS attachment, as described in Chapter 3.  The bottom plate is 
smooth stainless steel and the top plate smooth, transparent polycarbonate.  Due to the 
smooth surfaces on these plates of these plates, slip is likely to be occurring in 
concentrated pastes.   
 
 
8.3 Results and Discussion  
In this section, the shear thickening of densely packed 1.5 % and 5 % agarose microgel 
suspensions is investigated as a function of shear rate and time.  These results are 
compared to the reported behaviour for hard sphere suspensions.  Two types of behaviour 
are shown, shear induced structure formation and post-shear structuring, both of which are 
time dependent. 
 
8.3.1 Limits of Shear Thickening 
Figure 8.2 shows the viscosity as a function of shear rate for 5 % (batch A12) and 1.5 % 
(batch A13c) agarose microgel suspensions at phase volumes below and above the liquid-
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solid transitions (φr = 1) and φj, as listed in Table 8.1.  Suspension A12 has been measured 
in shear rate controlled mode without pre-shear.  For this suspension, shear thickening 
occurs at decreasing critical shear rates ( γ& t) as relative phase volume increases from φr = 
0.93 to φr = 1.11.  γ& t of these suspensions corresponds to a shear stress of approximately 
3 Pa, as shown in Figure 8.2a. Shear thickening continues with increasing shear rate until 
another critical condition is reached, the limit to shear thickening ( γ& L), at which point shear 
thinning resumes.  For these suspensions γ& L seems to correspond to a constant stress of 
approximately 90 Pa, as shown in Figure 8.2.  When φr ≥1.13, the suspensions are shear 
thinning although the slope is not constant; there is an anomaly which suggests structural 
rearrangement at moderate shear rates.  This is not an artefact from slip as rough plates 
are used.  According to Brown et al. (2010), structure formation may still be occurring at 
high concentrations but may be masked by the structure breakdown occurring above the 
yield stress.  In other words, the shear thinning is stronger than the shear thickening so an 
overall thinning affect is seen.  The data here for 5 % agarose microgel suspensions would 
suggest that this is the case for φr = 1.13 which shows deviation in the flow curve at around 
1 - 5 s-1.  In addition, this region corresponds to the critical shear stress of 90 Pa for the 
shear thickening/thinning junction.  It is not observed for φr > 1.13, perhaps because the 
measured shear stress is above the critical value. 
 
The 1.5 % agarose microgel suspensions show that limited shear thickening does occur 
even in soft microgel suspensions, as seen in Figure 8.2(b).  The results at 1.5 % agarose 
are unusual as no shear thickening behaviour was previously seen for agar microgels of 
similar moduli (Adams et al., 2004).  These suspensions (A13c – 1.5 % agarose 
microgels) have been measured in shear stress controlled mode with a pre-shear of 10 s-1.  
1.5 % agarose suspensions showed little dependence on shear history however, the 
difference in measurement approach between batch A12 (rate controlled, no pre-shear) 
and A13c (stress controlled, pre-sheared) means that they are not directly comparable.  A 
small degree of thickening behaviour is evident at φr = 0.65 and 0.82.  These suspensions 
also show a critical point at which structure break-down dominates over structure build-up 
and they begin to shear thin.  At φr ≥ 0.96, the suspensions are strongly shear thinning.  
Once again, the critical points for shear thickening and subsequent shear thinning 
correspond to single values of shear stress, in this case 0.2 and 1 Pa respectively.   
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Figure 8.2 Viscosity against shear rate for a range of φr.  Microgels at two agarose 
concentrations were used (a) A12 containing 5 % agarose with no pre-shear; and (b) batch 
A13c containing 1.5 % agarose with 10 s-1 pre-shear.  Vertical dotted lines show the 
predicted onset of shear thickening based on particle size. Thick line shows constant 
stress at onset of shear thickening and thin line shows constant stress for γ& L. 
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Our results suggest that the critical points for shear thickening/thinning in this instance are 
dependent on shear stress.  Although the stress dependence of the onset shear thickening 
of soft and hard particles was previously shown, changes in particle size and particle 
modulus were interdependent whereas agarose microgel size and modulus are 
independent (Frith et al., 1996).  They showed that for their softest system the onset of 
shear thickening tends to a constant value.  In contrast, Figure 8.2 shows that shear 
thickening is not apparent above a critical volume fraction.  
 
To better understand this shear thickening behaviour, the critical shear rate and stress for 
the onset of thickening and the limit of thickening are analysed.  γ& t has been reported 
previously to have an inverse quadratic dependence on particle size across the range of 
0.01 to 100 µm for many types of particles including PVC, polystyrene and glass (Barnes, 
1989).  The average particle size of the agarose microgels are 6.3 and 3 µm for 5 % and 
1.5 % respectively.  From the empirical inverse quadratic relationship it is predicted that 
the onset of shear thickening occurs at approximately 0.1 s-1 and 10 s-1 for the 5 % and 1.5 
% agarose microgel suspensions respectively.  As shown by the vertical line on Figure 8.2, 
this estimate is considerably lower than the data would suggest and shear thickening does 
not occur at a single shear rate for either set of suspensions and it is strongly influenced 
by suspension phase volume.  In contrast, as shown in Figure 8.2, there appears to be a 
critical stress for shear thickening and subsequent shear thinning across the range of 
phase volumes. Therefore, we conclude that soft spheres may shear thicken through 
different mechanisms to those previously observed in hard sphere suspensions. 
 
To determine the influence of polydispersity and variability between batches of the same 
agarose concentration, viscosity is plotted against shear stress at nominal values of φr = 
0.9 and φr = 1.1 for the 3 batches of microgels.  Note, variations arise due to the 
suspensions being at phase volumes where the viscosity is very sensitive to small 
changes in φ.  Figure 8.3 shows the viscosity as a function of shear rate for the three 
microgel batches.  Very similar behaviour, within experimental variability, is observed for 
all three, despite the average diameter varying from 6 to 12 µm.  To compare batches 
without the effect of particle size it has been shown that a scaling of either R02 or R03 can 
be applied (Frith et al., 1996).  Neither scaling is effective in collapsing the 5 % agarose 
microgels of similar relative phase volume onto each other.  To compare the effect of 
modulus a softer microgel, 1.5% agarose microgels are plotted on the same graph.  It is 
expected that these should collapse by adjusting for particle modulus following the work on 
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soft particle interactions by Seth et al. (2011).  When plotted as τ/τy against *E/ 2ys γηγ& , 
where the contact modulus )1(2/E*E 2ν−= , these suspensions do not collapse when 
particle elasticity and particle radius are accounted for.  This suggests that particle-particle 
surface interactions or particle volume change may be driving the shear thickening and 
thixotropic behaviour. 
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Figure 8.3  5 % agarose microgels from three batches (A10, A11 and A12c) and 1.5 % 
agarose microgels (batch A13), at two relative phase volumes φr for each batch.  All of 
these suspensions were measured in shear stress controlled mode on sandblasted plates 
and subject to pre-shear at 10 s-1. 
 
It has been hypothesised by Kalman et al (2008) that the limit to shear thickening is 
controlled by elastohydrodynamic lubrication (EHL) between particles, which is a function 
of particle elasticity, as discussed in detail in the literature review in Chapter 2.6.2.  EHL 
arises from the deformation of particles and hydrodynamic entrainment of matrix fluid 
between the particles, similar to that discussed in Chapter 7 to describe the slip of particles 
over a smooth surface (Meeker et al., 2004a, Mewis and Wagner, 2011, Kalman et al., 
2008).  The EHL model of Meeker has been adapted by Kalman et al (2008) to predict a 
limiting viscosity as a function of shear rate, viscosity of the medium, particle modulus and 
suspension modulus.  Their model incorporates bulk shear rate rather than inter-particle 
shear rate and gap.  It has been shown experimentally that particles in normal flow and 
those at the shear thickening transition experience different stresses (Frith and Lips, 1995)  
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Figure 8.4 Shear sweep results where shearing has been stopped to measure 
suspension modulus after each decade of shear rate for 5 % agarose at φr = 1.07 (a) 
Viscosity against shear rate for: Increasing 1 and 2 - 0.05 up to 500 s-1 the first
 
and second 
time respectively; and Decreasing 1 and 2 - 500 down to 0.05 s-1 (b) G’ and G” after 300 s 
recovery, measured at zero time and following shear steps at 0.05, 0.5, 5, 50 and 500 s-1. 
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thus the two are not analogous.  The authors concluded that inter-particle lubrication 
forces break down during shear thickening.  Recent articles, discussed in detail in Chapter 
2, incorporate lubrication between hard particles as a critical factor in shear thickening.  
These models have accurately predicted shear thickening behaviour in granular scale hard 
particle suspensions for the first time (Brown, 2013).  Seto et al. (2013) include 
hydrodynamic, contact and repulsive forces of the particles.  In the case of soft agarose 
particles, repulsive forces would include those due to EHL and hence this should be just 
one component of a shear thickening model.  Secondly, at high shear Hertzian mechanics 
under estimates particle deformation (Seth et al., 2011) which is more significant for 
particles of lower moduli.  Particle deformation allows closer particle packing before 
jamming is observed, as seen in Figure 6.6 where the transition region for the softer 1.5% 
agarose microgels is broader than that of the 5% agarose microgels.  The expectation 
would be that shear thickening would only occur at very high phase volumes for soft 
particles as γ& L for shear thickening is limited by particle deformation and is lower than that 
for hard particles. 
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Figure 8.5 Increasing and decreasing shear rates with varying suspension phase 
volume shows that phase volume influence time and shear dependence of these 5 % 
agarose microgel suspensions.  Rate controlled measurements with no pre-shear. 
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8.3.2 Thixotropy 
In addition to shear thickening, the suspensions examined above are also observed to be 
thixotropic.  This is investigated using up-and-down shear rate sweeps, as shown in Figure 
8.4a for 5 % agarose microgel suspensions at φr = 1.07 (A12).  As is typical for many 
thixotropic suspensions, the flow curves vary between the first increasing and decreasing 
rate sweep, and there is a clear hysteresis effect. This suspension is characterised by an 
apparent yield stress, which is indicated by the viscosity being inversely proportional to 
shear rate below ~ 1 s-1.  The apparent yield stress in the first increasing sweep is 1 Pa, 
but when the rate is decreased an apparent yield stress of 4 Pa is found.  Running the test 
up-and-down a second time leads to an apparent yield stress of 6 Pa.  The hysteresis is 
less significant above φr = 1.07 as shown in Figure 8.5.  Curiously, all the flow curves 
intersect at ~ 3 s-1, which happens to be where shear thickening begins.  This potentially 
indicates that it is in the same structural state prior to shear thickening occurring.   
 
The change in apparent yield stress suggests that the overall structure is changing 
between the different shear sweeps.  To consider this, the shear rate sweeps were 
interrupted after each decade during increase and decrease in shear and the linear 
viscoelastic properties assessed over time. This is shown in Figure 8.6, where G’ is very 
low immediately after shearing and increases quickly during the oscillatory measurement, 
G’ remains higher than G” where φr > 1.  Steady state values are not reached even after 
300 s.  The magnitude and rate of increase of G’ is dependent on shear history and shear 
rate applied post shearing, as shown in Figures 8.7 and 8.8.  This result seems to indicate 
structural recovery or development is occurring following shearing, as G' increases with 
time after each shear rate.   
 
The G' values at 300 s are shown in Figure 8.4(b) as a function of shear rate.  The key 
finding is that after shearing at 500 s-1, G’ is an order of magnitude larger (~100 Pa) than 
before shearing (~ 10 Pa).  When the step shear rate sequence is reversed (i.e. 
decreasing shear rate), the steady state modulus is similar in the region where shear 
thickening occurs ~ 5 s-1, suggesting that the suspension has a similar underlying 
microstructure during shear thickening regardless of whether shear rate is increasing or 
decreasing.   
 
Thixotropy is investigated for the case where a single shear rate is applied to 5 % agarose 
microgels at φr = 1.11, as shown in Figure 8.7 for 10 s-1 and 8.8 for 100 s-1.  The inclusion 
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of the oscillatory shear step, during the shear sweep, results in an increase in the 
measured viscosity, which suggests structure recovery with time when shear is removed.  
In contrast, this thixotropic behaviour is not seen for 1.5 % agarose microgel suspensions.   
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Figure 8.6 Suspension modulus after each decade of shear rate, from 0.05 to 500 s-1 for 
5 % agarose at φr = 1.07.  Full curves for G’ and G” with time after each shearing step for: 
(a) increasing and decreasing the first time; and (b) increasing and decreasing the second 
time.  Lines show applied shear rate. 
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Figure 8.7 (a) G’ (open symbols) and G” (filled symbols) over time starting with an initial 
measurement for 100 s at 0.5 % strain.  The sample of 5 % agarose microgels at φr = 1.11 
is sheared for 30 s followed by measurement at 0.5 % strain for 500 s, this is repeated 5 
times at the same conditions.  (b) Viscosity against time at constant shear rate of 10 s-1. 
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These agarose microgel suspensions also show time dependent viscosity increase at a 
constant applied shear rate.  Figure 8.9 explores the shear rate and time dependence of 
the suspension viscosity for a φr = 1.03, 5 % agarose microgel suspension at a range of 
shear rates, spanning 0.1 to 100 s-1.  When a freshly loaded sample is sheared at a 
constant shear rate for 1000 s, the viscosity is highly dependent on both time and shear 
rate applied.  The results show that for shear rates from 0.01 to 1 s-1, the viscosity 
markedly increases with time approaching steady state at around 1000 s.  At 10 s-1, there 
is only a slight increase in viscosity with time, and for 100 s-1 the viscosity decreases with 
time.  At 100 s-1, shear thickening occurs so that viscosity is greater than at 10 s-1.  This 
result is consistent with that observed for the φr = 1.03 suspension shown in Figure 8.2(a), 
which has a measurement point time of 30 s.   
 
 
8.4 Mechanisms for Shear Induced and Post-Shear Structure Formation 
A rich set of phenomena has been observed when characterising the rheology of 
concentrated agarose microgel suspensions.  These are all likely to be related to inter-
particle friction, particle migration, shear-induced aggregation and movement of water in 
and out of the microgel (poro-elastic effects).  The observations include shear thickening 
and thixotropy with shear and time dependent increase in apparent yield stress and 
storage modulus post shearing.   
 
Shear induced structuring is likely to be the result of particles pushed into close contact 
during the shearing process.  The phase volume region where shear structuring is 
observed is in the transition region from above φrcp.  In the transition region a small 
increase in apparent phase volume can result in a significant increase in suspension 
viscosity and modulus, as shown in Chapter 6.  This apparent phase volume increase may 
be a localised increase as a result of shear induced aggregation or particle migration.  Any 
increase in phase volume will also result in an increase in particle contacts thus increasing 
the area for inter-particle friction between surface asperities or loose polymer chains on 
the particle surface, as shown schematically in Figure 8.10(a).  Further structure formation 
on cessation of shear may be a result of particle relaxation or ongoing aggregation of 
particles once they are in close contact.  It is worth noting that Brownian motion does not 
play a role in the post-shear structure formation.  The underlying cause of post-shear 
structure build-up is not further explored here.  The discussion below relates to the 
mechanisms that are likely to play a role in the shear induced structure formation.   
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Figure 8.8 (a) G’ (open symbols) and G” (filled symbols) over time starting with an initial 
measurement for 100 s at 0.5 % strain.  The sample of 5 % agarose microgels at φr = 1.11 
is sheared for 30 s followed by measurement at 0.5 % strain for 500 s, this is repeated 5 
times at the same conditions.  (b) Viscosity against time at constant shear rate of 100 s-1. 
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Figure 8.9 Viscosity change with time at a constant shear rate from 0.01 to 100 s-1 for 5 
% agarose microgels at φr = 1.03 with no pre-shear. 
 
a
 
b
 
Figure 8.10 Schematics showing possible microgel structures: (a) free biopolymer chains 
on the microgel surface which will affect friction of particle in close contact during shear; 
and (b) capillary bridging caused by the immiscible oil phase (hatched) with the aqueous 
gel particles.  
 
8.4.1 Particle Ordering During Shear 
For these suspensions particle rearrangements induced during shear or during plate 
loading remain after shearing.  There is no particle rearrangement due to Brownian motion 
due to the size of these particles (~ 5 µm).  To investigate possible structure build-up in 
these suspensions the viscosity was measured with large and narrow gap between plates, 
as shown in Figure 8.11.  If large aggregates were present at narrow gap the viscosity 
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would be affected by confinement of clusters when the gap size is ~ 3 – 5 times the 
particle diameter, which is not seen here.  Gap influence is more significant on the initial 
increase in shear than on the decrease and is most pronounced at low shear.  At narrow 
gaps there is little difference between the up and down curves up to 1 s-1.  This is possibly 
a function of the shearing that occurs due to squeeze flow during sample loading as the 
plates are lowered to narrower gaps.  The increase in viscosity at 0.2 mm compared to 1 
mm could be due to dilatant behaviour as suggested by Fall et al. (2008) who showed that 
gap dependence affected γ& t due to dilatant behaviour of their suspensions.   
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Figure 8.11 Viscosity against shear rate curves for φr = 1.08 agarose microgels 
suspensions at large (1 mm) and small (0.2 mm) gap heights between parallel plates. 
 
Dilatancy is expansion of the suspension under shear causing the particles to exert force 
on the confining boundaries, such as the plates and on the suspension-air interface.  It has 
been suggested that dilatancy is the underlying mechanism behind shear thickening as 
seen in corn-starch suspensions (Brown and Jaeger, 2012).  This dilatant behaviour is 
characterised by a positive value for normal force (Fn) at a constant set gap.  To 
investigate this for agarose microgel suspensions the normal force is measured for both 
soft (1.5 % agarose) and harder (5 % agarose) particles with results shown in Figure 8.12 
as shear rate against: (a) viscosity and (b) Fn.  The negative or zero values measured for 
Fn suggest that dilatant behaviour is not present during shear thickening of either 1.5 % or 
5 % agarose microgel suspensions.  The negative values for 5 % agarose can be 
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explained by relaxation of the samples after loading at a rate of 0.6 mm/min, as shown in 
Figure 8.13.  Relaxation occurs after loading of pasty suspensions between parallel plates 
resulting in negative Fn.   
 
Shear induced structure build-up has previously been seen where rolled structures form 
between parallel plates during shearing of positively charged particle suspensions 
(Montesi et al., 2004, Lin-Gibson et al., 2004), as discussed in detail in Chapter 2.6.  Small 
Angle Light Scattering (SALS) was used to look for the characteristic butterfly patterns that 
have been associated with such significant particle ordering.  As shown in Figure 8.14, 
there is no clear change in shape or intensity of the pattern in the shear thickening region 
and no apparent difference at rest before and after shear.  This lack of visible structure 
may mean that any structural rearrangement that occurs is very small.  As mentioned 
previously, due to the phase volume range in which this complex behaviour occurs only 
small changes in localised phase volume are necessary to cause significant differences in 
the rheology.   
 
Particle migration was shown to occur in hard particle suspensions at an accelerated rate 
γ∝ &/1 in the regime where particle inertia is significantly greater than viscous forces.  In 
this region 2γ∝τ &  (Fall et al., 2010).  The soft particle suspensions shown here appear to 
be in the inertial regime during shear thickening, as shown in Appendix G, which suggests 
that particle migration is a likely cause of the apparent viscosity increase during shear. 
This likely explanation for shear induced structure formation would occur in both parallel 
plate and couette geometry where a shear rate gradient occurs.   
 
8.4.2 Capillary Bridging 
Bridging between particles causes aggregate formation and an increase in effective phase 
volume which is measured as an increase in viscosity, as shown in the schematic in Figure 
8.10(b).  Capillary bridging occurs where a small volume of an immiscible phase forms 
bridges between particles or droplets (Koos and Willenbacher, 2011).  Very high shear or 
vibrations are required to break these aggregates which would explain why they remain 
after shearing.  This bridging can occur with the immiscible phase at weight percentage of 
the total of around 0.5 %.  To determine if residual oil was the cause of shear gelation an 
additional cleaning process was completed with chloroform to remove oil from the 5 % 
agarose microgels.  Using confocal microscopy with Nile red stain for the oil phase an 
image was captured of the suspensions before and after oil removal.   
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Figure 8.12 Shear rate against: (a) viscosity and (b) Fn for both 1.5 % (A13c) and 5 % 
(A12c) agarose microgel suspensions from shear stress controlled measurements with a 
pre-shear of 10 s-1 on sandblasted plates at 0.3mm gap. 
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Figure 8.15(a) shows a confocal image of the 5 % agarose microgel suspension before oil 
was removed where red dots represent oil droplets.  Figure 8.15(b), with a continuous red 
background, shows no oil droplets present after chloroform treatment.  Using image 
analysis software before oil removal there is approximately 0.3% (by area) oil.  The 
rheology of the 5 % agarose suspension (A12c) was measured without oil and with 5 wt% 
oil added, shown in Figure 8.16.  It was found that there was no significant difference in 
the shear induced structure formation with and without oil.  It can be concluded that, while 
oil may contribute to shear induced structuring when present in sufficient quantities, it is 
not the mechanism for shear induced structuring of these microgel suspensions.   
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Figure 8.13   Residual normal force after loading for 5 % agarose microgels at φr = 0.98 
on smooth or sandblasted (roughness 1 µm) plates to a gap of 1 mm or 0.75 mm with 
plates moving to that gap at a rate of 0.6 mm/min. 
 
 
8.4.3 Poro-elasticity 
As discussed in Chapter 5, deviation of soft sphere behaviour from that predicted for hard 
sphere suspensions can be a result of particle volume change.  Soft spheres are able to 
deform and, in addition, may lose water to the surrounding matrix when close packed or 
subjected to high shear rates.  On cessation of shear microgels may re-swell, depending 
on availability of free water and time. 
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0.02 1/s (before) 0.02 1/s (after) 
  
20 1/s (increasing) 20 1/s (decreasing) 
Figure 8.14 – SALS of a 5 % agarose at φr = 1.06 using a 0.3 mm gap, 0.15 mm focal 
depth.  Top images are taken at low shear before and after shearing to 200 s-1 (left and 
right respectively) and, bottom, during the increasing and decreasing shear at 10 s-1.  
 
It is possible that these poro-elastic effects cause the transient shear thickening and 
thixotropic behaviour seen here for both 5 % and 1.5 % agarose microgels.  The failure of 
the scaling models commonly used to collapse microgel shear thickening curves onto one 
another, as discussed in section 8.3.1, suggests that particle deformation and size change 
due to poro-elasticity could be present.  The micromanipulation of single agarose particles 
carried out by Yan et al. (2009), discussed in Chapter 2.3, shows poro-elastic compression 
of microgel particles.  That is, when force is applied the particles lose water and the matrix 
is compressed on two separate timescales.  Poro-elasticity may be the cause of the 
relaxation when shearing is stopped.  Further investigation is required to confirm this 
hypothesis. 
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Figure 8.15 Confocal images showing 5 % agarose microgel suspensions: (a) with 
discrete red oil droplets; and (b) no oil in sample treated with chloroform shown by red 
background colour across the entire image. 
 
 
8.5 Concluding Remarks 
Shear induced structure formation and time dependent behaviour under shear are shown 
here in soft particle suspensions with particles of different moduli.  There are a number of 
factors contributing to this behaviour.  The onset of shear thickening and structure build up 
is likely to be affected by inter-particle friction influenced by free biopolymer chains on the 
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particle surface.  The limit of this shear thickening behaviour is influenced by friction and 
particle deformation - a function of particle poro-elasticity.  One component of the frictional 
behaviour of soft particles is described by elastohydrodynamic lubrication where particles 
deform and a fluid layer is formed between them.  It is hypothesised that incorporating the 
EHL model into one of two recent hard sphere, frictional shear thickening models 
(Heussinger, 2013, Seto et al., 2013) may predict suspension viscosity of these soft 
particle suspensions.  Further investigation of suspension structure formation at the 
particle level would be valuable in understanding the unusual time and shear dependent 
behaviour.  For example: particle interactions could be altered by adjusting salt 
concentration of the suspension; or inter-particle lubrication could be altered by adding 
surfactant.  Techniques, such as MRI or confocal microscopy during shearing, for probing 
local particle density could be used to confirm particle migration or aggregation. 
An interesting phenomenon of structure build-up on cessation of shear is also shown for 
the hardest agarose microgel suspensions.  It is likely that this behaviour is due to particle 
relaxation or aggregation.  However, further work is required to determine the exact 
mechanisms behind this significant and interesting post-shear structure formation. 
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Figure 8.16  Viscosity against shear rate for a 5 % agarose microgel suspension at φr = 
1.08 without oil and with 5 wt% additional oil showing no significant difference in 
suspension viscosity between the two.  Both samples show time dependence. 
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Chapter 9 
Concluding Remarks and Future Work 
 
 
This thesis defines the rheology and flow properties of non-colloidal soft spheres as a 
function of phase volume and particle modulus. This is achieved by: 
1. The use of a well-defined model system of non-colloidal micro hydrogel spheres; 
2. Performing detailed measurements of suspension rheology across a broad range of 
concentrations, including those at the liquid-solid transition; 
3. Establishing suitable rheological models that accurately predict the viscosity up to a 
random close packing phase volume that is independently defined from the particle 
size distribution;   
4. Applying a suitable contact mechanics model that uses the particle modulus to 
reasonably predict the suspension storage modulus above a jamming phase 
volume; and 
5. Interpreting various rheological flow phenomena, including slip and shear-
thickening, in the context of particle elasticity, micromechanics and tribology.  
 
The following sections summarise the key findings in this thesis, its implications to other 
soft particle systems, and provide suggestions for future research in the field.    
 
 
9.1 Concluding Remarks 
On review of the literature it is evident that, despite the significant body of work relating to 
hard particle suspensions, the field of soft particle suspension rheology is still relatively 
poorly understood.  There is little or no literature investigating the behaviour of soft particle 
suspensions across both the viscous and the elastic (pasty) regimes or the transition 
between the two.  Where literature does exist three common limitations arise:  
1 Phase volume is difficult to define for colloidal scale microgels, which are 
susceptible to osmotic de-swelling;  
2 Suspension phase volume alters due to swelling of the particles in response to 
osmotic effects, temperature and/or pH, which in turn affects particle modulus; and  
3 Viscosity - phase volume models are fitted using one or more free fitting parameters 
including the maximum packing fraction.   
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In addition much of the literature has focussed on monodisperse suspensions, despite the 
fact that the majority of natural and engineered suspensions have a degree of 
polydispersity. 
 
The limitations identified from the literature have been overcome here by choosing a 
model system of non-colloidal scale agarose microgels which are not susceptible to 
osmotic de-swelling and are temperature (< 75 ºC) and pH stable.  Phase volume of these 
suspensions is adjusted by changing the ratio of particles to water.  Particle modulus is 
specified during microgel manufacture by the concentration of the agarose within the 
particle.  The particle modulus is estimated from the modulus of the bulk gel which is easily 
measureable.  This approach has been used previously and is reasonable for suspensions 
below random close packing.  Although, where particles are in close contact they may lose 
water, thus violating the assumption that the agarose concentration in the microgel is the 
same as that in the bulk gel.  As such this estimate of particle modulus is not likely to be 
accurate above random close packing and becomes an effective modulus to be used in 
conjunction with effective phase volume.  The use of an emulsion-gelation route for 
manufacture of these microgels has resulted in a broad particle size distribution.  Despite 
the many advantages there are two challenges that remain with these particles: the softest 
particles are able to de-swell during the centrifugation step in their manufacture; and the 
particles show some shear thickening and thixotropic effects, as discussed in Chapter 8. 
 
To limit the error involved in determining the maximum packing fraction of soft particles an 
innovative approach has been applied using the viscosity - phase volume model 
developed by Maron and Pierce (1956) and independently by Quemada (1977).  The MPQ 
model is used in its linear form with maximum packing set equal to the geometric random 
close packing fraction.  Random close packing fraction is predicted (independent of 
rheological measurements) from the particle size distribution using Farr and Groot’s (2009) 
model.  This method has been validated (Chapter 4) using hard spheres.  Using widely 
cited data for colloidal and non-colloidal hard spheres from literature, it is demonstrated 
that in many cases, the MPQ model accurately predicts the viscosity of the suspensions of 
hard spheres when random close packing fraction is independently determined from the 
particle size distribution.  Deviation from the model is most obvious when 1/(ηr)0.5 is plotted 
against phase volume, which leads to a linear relationship when hard sphere behaviour 
and the MPQ model are followed.  It is suggested that, increase or decrease in effective 
phase volume, due to either particle volume change or particle interactions that drive 
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repulsion or aggregation, are the main causes  of deviation from the expected linear 
relationship, this is shown schematically in Figure 9.1.  Experimental uncertainties or 
measurement artefacts (e.g. slip, particle migration) may also play a role in deviation from 
the model.  It is very clear that measurement artefacts can give large differences in 
maximum packing fraction when the traditional free fitting approach is used.  This 
approach also gives little or no indication as to when these deviations or discrepancies 
may be occurring.  Having tested this approach of using the linear MPQ model with 
random close packing it is applied to suspensions of soft particles. 
Figure 9.1 Schematic showing linear MPQ model is followed when φ =
 
φ0, deviation to 
the left of linearity when aggregation occurs (φ >
 
φ0) and deviation to the right of linearity 
when soft particles lose water volume (φ <
 
φ0).  
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Linear MPQ analysis with the geometric random close packing fraction predicts the 
viscosity- phase volume relationship of both: non-colloidal scale agarose microgels and 
emulsions; and colloidal scale synthetic microgels from literature.  The model only applies 
where particles are non-interacting and maintain their volume with increasing suspension 
concentration up to random close packing.  When colloidal scale microgels are plotted 
against their apparent phase volume determined at low concentration they will be seen to 
deviate from the model at high concentration (below maximum packing) due to osmotic de-
swelling.  When the data is adjusted for this osmotic effect then the MPQ model is 
followed.  The softest agarose particles also deviate from the model although they are not 
subject to osmotic effects.  It is demonstrated that this deviation is not a direct effect of 
particle modulus but an indirect effect caused by compression during the centrifugation 
step in their manufacture and failure to fully re-swell in water at high concentration.  The 
unique finding from this work is that particle modulus only indirectly affects the Newtonian 
shear plateau viscosity of suspensions up to the random close packing fraction. 
 
Above the random close packing fraction where particles are in close contact, particle 
modulus begins to influence suspension behaviour.  Most of the literature shows a discrete 
transition point where random close packing is equal to the jamming fraction and suggests 
that above this point the suspension behaves as a viscoelastic solid.  However, it has been 
hypothesised and shown theoretically that there may be a transition between the purely 
viscous regime and the viscoelastic solid regime, as discussed in Chapter 2.4.  It is shown 
here experimentally that a transition regime does exist between random close packing and 
the jamming transition, defined at the point where G’ > G” at ω = 10 rad/s.  In this transition 
region the suspensions behave as a viscoelastic liquid where G” is higher than G’.  The 
width of this region is dependent on both the particle size distribution and the particle 
modulus.  In this regime shear thickening and thixotropy are also observed.  It is 
hypothesised that, in these soft sphere suspensions particle poro-elasticity dominates 
suspension rheology.  Both loss of water from the microgel and deformation of the 
hydrogel spheres contribute to the transition region, shear thickening and thixotropy. 
 
Above the jamming transition, solid-like behaviour is predicted using the model of Evans 
and Lips incorporating Hertzian contact mechanics between particles.  In the literature this 
model is fitted using 2 or 3 free fitting parameters.  Here, the jamming fraction is the only 
adjustable parameter and it is clearly defined experimentally as the point where G’ crosses 
above G” at a frequency of 10 rad/s.  Despite the poor quantitative prediction of the model 
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it is scalable and thus is used to support the experimental evidence that the solid-like 
behaviour is a function of particle modulus, number of nearest neighbours, Poisson’s ratio 
and phase volume relative to the jamming fraction. 
 
Slip behaviour is commonly reported in concentrated suspensions of soft particles.  
Research has been carried out on pastes of colloidal scale microgels with poorly defined 
moduli and phase volume (due to osmotic effects).  Using non-colloidal microgels it is 
shown that there are no significant differences in the nature of slip behaviour between 
colloidal scale soft particles and non-colloidal scale soft particles.  Using 
elastohydrodynamic lubrication theory (Meeker et al., 2004a, Meeker et al., 2004b, Seth et 
al., 2008, Seth et al., 2012) the slip velocity of these particles is accurately predicted as a 
function of particle size and particle modulus, yield strain and suspension modulus.  It is 
shown experimentally that slip is dependent on particle modulus and independent of size 
distribution during shear flow. 
 
Slip effects have also been investigated using harmonic analysis from Large Amplitude 
Oscillatory Shear measurement on smooth and rough surfaces.  The presence of second 
order harmonics during LAOS is commonly used as an indicator of slip.  It is shown that, 
although second harmonics can be present during slip, other non-homogeneous flows 
such as yielding and edge fracture are equally likely to be the underlying cause.  This 
analysis confirms that slip behaviour must be identified and eliminated during steady shear 
measurements as it cannot easily be identified or accounted for from oscillatory shear 
results. 
 
 
9.2 Implications 
Soft particle suspensions are ubiquitous in our environment and daily lives and their 
importance is being recognised by researchers as a simple model for many complex 
suspensions, such as, foods, pharmaceuticals, biological cell suspensions, waste products 
and soils (Mezzenga et al., 2005, Stokes and Frith, 2008).  The majority of these 
suspensions show complex rheology, for example, due to particle charge, polydispersity, 
particle softness and interaction with additional system components.  To engineer these 
soft particle suspensions, it is useful to first understand the micromechanics at a particle 
level.  That is, how does particle structure affect suspension rheology? 
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This work develops the relationship between phase volume, particle modulus and 
suspension rheology.  The linear MPQ with independently determined random close 
packing fraction can be used as an engineering tool to predict soft particle suspension 
viscosity.  Deviation of suspension viscosity from linearity is also useful as it indicates that: 
particles may be losing volume; particle interactions such as aggregation are occurring; or 
measurement artefacts, such as migration, are present.   
 
The relationship between phase volume and suspension modulus as a function of particle 
modulus has been elucidated.  Based on the literature it would be expected that a 
suspension would be a stable viscoelastic solid above the random close packing fraction.  
However, it is shown here that this is not the case.  Instead a viscoelastic fluid region 
exists where suspensions are potentially unstable and show behaviour such as shear 
thickening and thixotropy.  This may be important in suspensions such as foods where 
shelf stability is important to consumer acceptance and in soils where stability is critical to 
safe buildings and roads.   
 
This work also has implications for further research in the field of soft particle suspensions.  
In particular, at phase volumes above random close packing it is critical to ensure 
complete swelling or accurately define particle phase volume.  Particle modulus must also 
be accurately defined as a function of particle swelling.   
 
Challenges remain above random close packing fraction in the viscoelastic fluid-like and 
the solid-like regions where particle phase volume (and hence particle modulus) is subject 
to change due to compression of microgels.  The width of the viscoelastic fluid-like region 
from random close packing fraction to jamming varies significantly.  It is not yet known 
whether this variability is a result of particle size distribution, particle modulus or phase 
volume change as a function of particle modulus.  In the solid-like regime an accurate 
prediction of suspension modulus as a function of particle modulus has not been found.  
To accurately predict rheology in both these regimes a relationship is required between 
particle phase volume and particle modulus with suspension phase volume. 
 
 
9.3 Future Work 
As a result of this thesis a basis for predicting the rheology of simple micro hydrogel 
suspensions has been developed.  These results act as a baseline one of three research 
areas: 
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1. Development and rheological analysis of more complex model suspensions, for 
example charged microgels, addition of polymers, viscoelastic suspension media.   
2. Explore friction and lubrication behaviour of individual particles and suspensions of 
micro hydrogels.   
3. Investigation of naturally occurring or engineered systems to investigate their 
structure-function relationships during storage and in use. 
 
Improvements could be made to the micro hydrogels used in this work prior to adding a 
degree of complexity.  Control over polydispersity of non-colloidal microgels of well-defined 
moduli would be of use in separating the effects of polydispersity from modulus related 
effects.  Development and use of an accurate measurement technique for determining 
individual particle modulus would be another key component in defining suspension 
rheology as a function of particle modulus above random close packing.  Improved model 
systems would also enable investigation into poro-elastic effects, particularly how poro-
elasticity affects suspension behaviour above close packing and the onset of jamming.. 
 
Rheology of modified micro hydrogels or mixtures including polymers would be useful in 
investigating the behaviour of multicomponent suspensions such as those in biological 
systems.  Such systems include: plant or animal cells; emulsion droplets; swollen starch 
granules; charged particles; hairy or roughened particles; and particles in a viscoelastic 
matrix.  Biological cells, foods and personal care products are all examples of complex soft 
sphere suspensions and all are at the forefront of current research. Development of many 
of these suspensions is reliant on the transition from liquid like to solid-like behaviour 
shown here to be dependent on random close packing and the width of the transition 
region 
 
In the viscous regime the effect of aggregation of charged particles and swelling or de-
swelling of particles can be readily investigated using approach developed here, of 
applying the linear MPQ with random close packing.  This simple approach without free 
fitting would yield information on the effect of particle structural change on suspension 
rheology.  This method would allow determination of the apparent volume fraction of 
particles or flocs as a function of suspension conditions such as pH or temperature.   
Friction and lubrication behaviour dominates where particles are in close contact with one 
another, as occurs in concentrated suspensions, and in contact with or compression 
between surfaces.  Surfaces can be simple metal plates as in the rheometer or highly 
156 
complex, compliant, skin or mucosal surfaces in contact with concentrated personal care 
of food suspensions.  Tribology, the study of friction, lubrication and wear, can be used to 
elucidate particle micromechanics on lubricity of suspensions.  The relationship between 
particle modulus and suspension lubrication would be of interest in aqueous lubrication 
applications such as joints lubrication and mouth-feel of food products between tongue 
and palate.  In these applications soft particles are confined between narrow gaps and 
experience very high shear rates, hence their rheology in confinement is also of interest. 
 
Investigation of individual particle micromechanics is required to elucidate the effect of 
inter-particle interactions and inter-particle friction on suspension rheology above random 
close packing.  Inter-particle friction can be investigated through experimental tribology of 
suspensions and particle friction using techniques such as Atomic Force Microscopy 
(AFM).  A numerical approach is also required to develop and quantitative prediction of 
suspension modulus as a function of phase volume and particle modulus.  Development of 
a soft particle lubrication model at high phase volume, based on the EHL model, would be 
a useful starting point for improving prediction of suspension rheology.   
 
Extension of the MPQ model, and testing of its predictive capability, for naturally occurring 
and highly engineered systems would be useful in developing products which are, for 
example, stable and/or bio-responsive.  In the viscoelastic fluid-like regime suspension 
rheology is complex as is shown here by the shear induced structuring behaviour.  
Understanding the complex and transient behaviour is of particular interest where stability 
of suspensions is important, both at rest and during shear 
 
Investigation of these three areas: complex suspensions; rheology in confinement and 
tribology; and extension of the MPQ model to common soft particle suspensions, would 
provide a fundamental basis for the structure-function relationship of complex soft particle 
suspensions.  This would enable controlled development of, and insight into, functional 
systems from components with known micromechanical properties.  By applying the 
insights gained here, the MPQ-rcp and Hertzian models could be applied to understand 
the effect of additional components, such as: proteins, oil, salt or sugar, on suspension 
rheology.  
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Appendix A Review of Techniques to Manufacture Micro-Hydrogel Particles for the 
Food Industry and Their Applications 
 
Reprinted from Journal of Food Engineering, 119, SHEWAN, H. M. & STOKES, J. R, 
Review of techniques to manufacture micro-hydrogel particles for the food industry and 
their applications., 781-792, Copyright (2013), with permission from Elsevier 
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Appendix B Error Analysis  
 
An example error analysis is shown here for 5% agarose microgels batch A10.  
Calculations investigate the effect on φ of a 5 % increase in solvent viscosity.  η/ηs is 
plotted against phase volume and fitted to Batchelor’s equation, in the region where φ < 
0.15, by adjusting k.   
 
(ηs + 5 %) = ηs*0.05 + ηs   
η/ηs = 1+2.5φ+5.2φ2 
 
The solver function is used in excel to give a least squares fit between the calculated value 
of η/ηs for Batchelor’s equation and the measured η/(ηs +5 %) by changing k and hence φ. 
 
Table B.1Measured solvent and suspension viscosity values with 5 % error.  η/ηs from 
Batchelor’s equation with k = 1.66. 
η ηs (ηs + 5%) φ = kc η/(ηs +5%) Batchelor 
0.00099 0.00094 0.00099 0.002 0.99 1.01 
0.00094 0.00094 0.00099 0.022 0.95 1.06 
0.00095 0.00094 0.00099 0.027 0.96 1.07 
0.00097 0.00087 0.00091 0.045 1.07 1.12 
0.00098 0.00087 0.00091 0.054 1.07 1.15 
0.00108 0.00087 0.00091 0.116 1.18 1.36 
0.00095 0.00081 0.00085 0.054 1.11 1.15 
0.00114 0.00081 0.00085 0.116 1.33 1.36 
 
Table B.2 k values determined using the Batchelor model.  Error in k determined from 
the difference in k value with and without 5 % increase in ηs. 
 A10 A10 +5% error Error in k
 
k0 (Batchelor) 1.86 1.66 10.8% 
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Appendix C Linearised Viscosity—Phase Volume Models with Hard Spheres  
 
Linearised plots of commonly used hard sphere suspensions, from Figure 4.1, plotted in 
the linearised form in Figure C.1a showing the curvature occurring in the middle range of 
phase volumes, 0.3 < φ < 0.6, is significantly less than the 5 % error bounds.  In contrast 
Figure C.1b shows deviation of PMMA particles at phase volumes approaching φrcp is 
significant and outside of the expected error.  
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Figure C.1The linearised form of the MPQ Model showing error bounds ± 5 % for (a) silica 
and simulation results and (b) PMMA particles.  
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Figure C2 shows the Krieger-Dougherty model can be linearised although it is not as 
useful as the MPQ model for predicting φm as the Krieger Dougherty model has a second 
adjustable parameter [η].  Figure C.2b for PMMA shows that the deviation from linearity 
seen with the MPQ model is still significant for the Krieger-Dougherty model. 
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Figure C.2 Comparison of the linearised form of the MPQ and Krieger-Dougherty 
models for the data of (a) Van der Werff and De Kruif (1989) and (b) (Meeker et al., 1997). 
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Appendix D Viscosity of Soft Sphere Suspensions 
 
Rheological flow curves are shown for all of the microgel suspensions and are similar to 
those previously published by Adams et al. (2004) for agar microgels. To satisfy the 
assumptions of the MPQ model, data from the Newtonian plateau of is used to compare to 
model predictions.  Where the Newtonian plateau is not clearly identifiable low shear 
viscosity is used, as shown by the dotted line in Figure D.1 a to c. 
 
 
a 
Stress (Pa)
0.1 1 10 100
Vi
sc
o
si
ty
 
(P
a.
s)
10-3
10-2
10-1
100
101
102
103
φ = 0.08
φ = 0.16 
φ = 0.25
φ = 0.33
φ = 0.41
φ = 0.50
φ = 0.62
φ = 0.68
 
182 
b 
Stress (Pa)
0.1 1 10 100
Vi
sc
o
si
ty
 
(P
a.
s)
10-3
10-2
10-1
100
101
102
103
φ = 0.09
φ = 0.20
φ = 0.31
φ = 0.39
φ = 0.47
φ = 0.76 
φ = 0.93 
 
c 
Stress (Pa)0.1 1 10 100
Vi
sc
o
si
ty
 
(P
a.
s)
10-3
10-2
10-1
100
101
102
φ = 0.39
φ = 0.46 
φ = 0.58
φ = 0.67
φ = 0.72 
φ = 0.18 
φ = 0.27 
 
Figure D.1 Viscosity against stress for a range of phase volumes for: (a) 4% agarose 
microgel, (b) 2.5 % agarose microgel, (c) 1.5 % agarose microgel.  Dashed line indicates 
the range of data used for the Newtonian plateau region. 
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Carbopol, is readily available in large volumes and so numerous measurements were 
performed at low volume fractions to determine intrinsic viscosity [η] using Einstein’s 
equation, as shown in Figure D.2a.  The best fit of Batchelor’s equation is also determined 
using a least squares method and found to give an equivalent value, shown in Figure D.2b 
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Figure D.2 Determination of phase volume for Carbopol. (a) using the inherent and 
specific viscosity against concentration to determine [η] at the y –axis intercept, in the limit 
where concentration tends to zero. 
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It has been suggested that Mendoza’s Model is an improvement on the MPQ model as it 
reduces to Einstein’s equation at low phase volume.  Mendoza’s model is plotted here to 
show that it is not the model choice does not influence deviation from linearity. 
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Figure D.3(a) Relative viscosity against excluded phase volume of agarose microgel 
suspensions, solid lines are Mendoza with φrcp and the dashed line is Mendoza with φm. (b) 
A linear plot of 1/(ηr)0.4 against excluded phase volume for five agarose microgel 
suspensions.  
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Appendix E Batch A11 5% agarose microgels 
Viscosity against stress and G’ & G” against frequency for Batch A11, 5% agarose 
microgels are shown here for comparison with Batch A12, shown in Chapter 6.   
E.1 Viscous Region 
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Figure E.1 Viscosity against stress for φrcp up to φ = 0.75 with Newtonian (φ = 0.05 to 
0.5), slightly shear thickening (φ = 0.6 & 0.65) or slightly shear thinning behaviour (φ = 
0.70).  Dashed lines indicate the ‘Newtonian plateau region’. 
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Figure E.2 The linearised MPQ model  Points are measured data for ‘A11’ - 5% agarose 
microgel suspension and error bars show standard deviation around the average shear 
viscosity. The solid line is the MPQ-rcp model with φrcp = 0.75.  
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E.2 Viscoelastic Fluid Region  
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Figure E.3 Suspensions above φrcp showing: (a) Viscosity against stress curves showing 
strongly shear thinning behaviour with a zero-shear viscosity plateau; (b) G’ & G” against 
frequency (rad.s-1) with increasing phase volume showing viscoelastic liquid-like behaviour 
with G” higher than G’ until φ0 = 0.79 = φj 
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E.3 Viscoelastic Solid Region 
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Figure E.4 Agarose microgel suspensions above φj at showing: (a) viscosity as a 
function of shear stress; (b) G' and G' as a function of angular frequency.  The flow curves 
in (a) show distinct yielding behaviour, however, for φ = 0.82 the observed plateau at 
intermediate stresses is due to slip, despite use of roughened surfaces; slip is examined in 
detail in Chapter 7.    
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Appendix F Slip 
.A roughened 25 mm cone is used in combination with a bottom plate that was roughened 
or made hydrophilic by attaching a silicon wafer (contact angle of water on the surface is 
13 ± 3 degrees).  All suspensions were sheared from 0.05 to 500 s-1 in 21 linear steps 
using 30 seconds per point.  The reported values of shear stress and apparent viscosity 
were then measured by decreasing shear rate from 500 down to 0.05 s-1. 
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Figure F.1 Shear rate against shear stress for 1.5 % microgels at 5 concentrations on 
hydrophobic, and roughened surfaces showing evidence of slip during shear.  Slip curves 
are taken from 2nd up curve where they are repeatable.  Onset of slip appears to be 
dependent on concentration with both low and high concentration requiring higher shear 
rates before the onset of slip. 
 
 
LAOS strain sweep at 5 paste concentrations, on both roughened and hydrophobic silicon 
surfaces.  For all paste concentrations, on both rough and silicon surfaces, G’ and G” are 
in the linear viscoelastic region (LVR) up to a strain of 1%. 
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Figure F.2 G’ and G” against strain (%) and stress against strain for all 5 paste 
concentrations comparing the rough and silicon surfaces.    
192 
Intensity of the 2nd to 5th order harmonics from LAOS on rough and hydrophilic surfaces, 
for all 5 concentrations.  The striking features of these plots are: non-linearity, identified by 
the appearance of the third harmonic, appears at 1% strain (at the end of the LVR); the 
fifth harmonic appears later and; the second harmonic is not rigorously zero. 
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Figure F.3 Strain (%) against intensity for the 2nd to 5th harmonics on both roughened 
and silicon plate surfaces.  The intensity is an arbitrary value with respect to the first 
harmonic, where the first harmonic = 100. 
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Appendix G Inertial Regime  
Particle migration was shown to occur in hard particle suspensions at an accelerated rate 
γ∝ &/1 in the regime where particle inertia is significantly greater than viscous forces.  In 
this region 2γ∝τ &  (Fall et al., 2010).  The soft particle suspensions shown here appear to 
be in the inertial regime during shear thickening, as shown in Figure G.1, which suggests 
that particle migration is a likely cause of the apparent viscosity increase during shear. 
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Figure G.1 Shear stress against shear rate for 5 % agarose microgel suspension (A12) 
with no pre-shear at φr = 1.03.  Dashed line shows the inertial regime where shear 
thickening behaviour is approximately 2γ∝τ & . 
 
